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PREFACE.

THE object of the present little work is twofold. Starting with
the assumption that the reader knows nothing except what an
engine is and the A B C of mathematics and mechanics, it aims
primarily at describing and explaining clearly a series of easy
constructions for use in the drawing office. Many of these have
been devised by the author for practical purposes, and almost all
have been used by him in practice, so that he is sure of their
utility.

For those young mechanics who wisely or unwisely—usually
the latter—aspire to a position in the drawing office, and to
Jjunior draughtsmen, it is intended to convey an idea ot the sort
of mathematical knowledge that is required in designing engines
on correct principles.

The second object is to show the intimate relation that must
necessarily exist between the science of engineering and the
exact principles of what is called ¢ theoretical” mechanics.
The book has been written in the firm belief—derived from
experience both in teaching and practical work—that the most
necesgary educational equipment of the engineer is a thorough
knowledge of elementary scientific mechanics, for it enables the
practical man to keep a clear head in thinking out problems
which without it would confuse him hopelessly. If the student
possesses this knowledge, he will meet with very little real
difficulty in any practical book on any branch of engineering he
may take up. If he does not—even if he substitutes for it what
is called ¢capplied mechanics,” a term usually given to the
description of superficial phenomena which require ¢ theoretical ”
mechanics for their full explanation—he will ind many useful
books full of confusing statements which he cannot understand.
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But this real knowledge of scientific mechanics is not to be
obtained by studying a mathematical treatment of the subject.
An engineers knowledge of mechanics is not the capability of
skilfully juggling with = s and y s, but a clear conception of a
series of experimental facts, the exact relation of which to one
another must be perfectly familiar., The mechanism of the
steam engine forms a very complete series of illustrations of
these principles, and this book is intended to make clear their
application to practical work. It contains examples of almost
every principle commonly found in books on elementary dynamics.
Everything is treated numerically. No principle, however correct,
is of any use to an engineer which he cannot translate into figures
when necessary. In explaining these applications, the author,
while endeavouring to avoid undue prolixity, has not striven
after extreme brevity, which latter feature seriously impairs the
value to the student of such a large number of excellent books.
The beginner cannot see to the inside of brief concise statements.
He requires more or less full and informal explanation.

A good deal of attention has been devoted to the subject of
balancing. The author does not know of any work which treats
this important and somewhat difficult subject in such a way
that it can be understood by the elementary students for whom
this book is intended. The object has been throughout that
nothing should be found here which cannot be understood by
anyone who will take the trouble to read it thoughtfully and
consecutively.

It has been, in places, somewhat difficult to steer a mean
course between pedantic accuracy of expression and a dangerous
laxity, such as is too common among engiaeers. In particular,
as regards the words ¢ mass” and ‘¢ weight,” though the author
is convinced that it is better in the long run to assign to each
its strict meaning, yet, in deference to the objection which so
many engineers have to the word ¢‘mass,” it has not been used
more than is absolutely necessary to the sense. No departure has
been made from strict accuracy which could cause confusion.

A. H.B.

London,
May 13th, 1897.
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ADDENDUM AND ERRATA.

Page 124, line 9, read : ‘¢ As described above, the axis of the
engine being always kept horizontal. The engine as a whole
has, in fact, a motion similar to that of the coupling rod of a
locomotive, every line in it keeping always parallel to itself, and
each point describing a circle whose radius is always equal and
parallel to the crank radius.”

Page 37, footnote : For ¢ A and B” read ¢ B and C" through-
out, :

Page 96, line 26 : For ¢ 273 ” read ¢ 546.”






CHAPTER 1.
INTRODUCTORY.
S1zE oF ENGINE FOR GIVEN POWER.

IT is proposed in the following chapters to explain the
principles of practical engine design by methods as free
from mathematical complications as possible. Although
there can be no doubt as to the value of a mathematical and
scientific training to an engineer, yet the actual amount of
knowledge of these subjects which is absolutely necessary
even for a first-class designer is really very small. He
should, of course, know enough to be able to thoroughly
understand the reasons of all the rules he has to use, other-
wise he can neither have full confidence nor know exactly
when they may be applied. To this end he must be familiar,
at least, with algebra as far as simple equations, the First
Book of Euclid, enough of the elements of pure and applied
mechanics to give him accurate idea of mass, velocity,
acceleration, force, and work, composition and resolution of
forces, couples, and bending moments, centrifugal force, and
similar subjects.

This book also assumes a general acquaintance with
the construction of an ordinary steam engine.  Of course,
it is not to be assumed that merely with such knowledge
ad this any amount of reading can make a first-class
draughtsman. The aim of a draughtsman is to design,
as rapidly as possible, a .good-looking and convenient
machine, which can be cheaply made without any sacrifice

- of efficiency, and one imn which the working parts can
2D R ! . .
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be easily replaced when worn. Nothing but practical
experience in the manufacture of machines and observation
oan enable him to do this, nor train his eye to recognise what
are and what are not good proportions in the many parts of
& machine whose dimensions cannot possibly be calculated.
No attempt is therefore made in this work to do more
than explain those parts of the design of engines which
require the application of the principles of mechanical
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science, and show in as simple a manner as possible how
the necessary elementary knowledge may be practically:
applied.

We shall commence by showing how the leading dimen-
sions of an engine may be determined so0 as to give any
required power.

Suppose we require an engine, given the following con-
ditions : Brake horse power, 12; non-condensing ; boiler
pressure, 65 1b, per square inch above atmosphere = 80 lb.
per square inch absolute; revolutions, 150 per minute ;
cut-off to be at half stroke.
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Now, in order to make sure that the engine when made
will give at least a8 much power as is required, the designer
must be very careful to allow an ample margin all round
for possible deficiencies. Nothing is more unsatisfactory to
everybody concerned than to find, after an engine has been
built, that it is not quite up to its work, and to be compelled
to alter the valves, &c., in order to increase the power.
Nothing is gained by trying to cut things too fine.

There are then several things to be assumed from practical
experience. These are—

i. Back pressure, 18 lb, per square inch absolute, suppose.

il. Clearance, 10 per cent, suppose.

iii. Mechanical efficiency, or ratio of brake power to
indicated power, 75 per cent, suppose.

It is clear that the work to be indicated per stroke is

12 x 33000 _ 100
Tooxz X 5 = 1760 foot-pounds.
Firat draw the required indicator diagram, fig. 1, thus:
Take two lines O X, O Y at right angles. Make

OA = él—(? = 1in,,
suppose, to represent, to some scale unknown, the volume of
the clearance in cubic feet. A B then represents the volume
swept out by the piston every stroke. Take A C to scale
representing the absolute initial pressure in the cylinder
per square foot. This should be about 8 per cent below the
boiler pressure, to allow for wire-drawing, &c. The initial
pressure is therefore about 75 x 144 = 10,800 lb. per square
foot. The scale may be 1in. = 101lb. per square inch =
1,4401b. per square foot. Take A D = the back pressure
= 181b. per square inch = 2,600 lb. per square foot. Draw
CF = admission volume of stroke = 3 A B, and through F
draw the hyperbola F G, with asymptotes O Y, O X, by the
construction shown in the figure. This represents the
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pressure of the steam at any point during the expansion.
Thus, when the volume of the steam (including clearance)
is O L, the pressure will be L K.

Now, it is clear that number of foot-pounds done in one
stroke by steam under pressure = total mean pressure on
piston in pounds x length of stroke in feet = mean pressure
per square foot x number of square feet in piston aréa x
length of stroke in feet = mean pressure per square foot %
volume of steam in cubic feet, which is therefore repre-
gsented by the area of the figure CDEGF to some scale

 which we shall have to find (since any rectangular area =

length x breadth). Suppose this area is found to be 469
square inches, as measured by planimeter or otherwise.
This area we know represents 1,760 foot-pounds. Hence
area scale is 1 square inch

1760 _ o,
= 169, 37'6 foot-pounds.

If, then, the diagram were a square of 1in. side, its area
would represent 376 foot-pounds.
Now, since 1in. vertical represents
' 1bs.
1440 (%),
let 1in. horizontal represent x cubic feet ; we have then

1440 (lfzi;_ x @ (£6.3) = 376 foot-pounds.

376
Hence % =116 = *0262.
Hence 1in. horizontal represents ‘0262 ft.3, whence whole
volume of stroke = 10 in, = ‘262 cubic feet.
This can be easily calculated without drawing a diagram,
if we remember that the area of the hyperbola, pv =
constant between any two volumes v, and v,, is

Vg
pvloge o
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where p v are any simultancous values during the expansion
of the absolute pressure and volume. Thus, in the present
case, the area of the figure F HB G is

HF x OH x log. (%
Now let » be the total volume of the stroke of the piston in

cubic feet—t.e., area in square feet x stroke in feet = A B.
We have then—

OA—%}
AH=g-
OB=v+—%=%

Also area DABE = AD x AB = in this ocase 2600%

X v, since the back pressure is 2,600 1b. per square foot.
This is the work lost by back pressure every stroke.
Now we have area }
CDEGF =CAHF + FHBG - DABE

= 220" 3pv 108 = D) V.

Now we have given that—
= 761b. per square inch absolute = 10800 . (absolute

pressures must always be used).

pb) = 181b. per square inch = 2600 fl:‘:'

Hence area 11
CDEGF = 54000 + 10800 x %" x log;_o — 2600
v

b
= v (6400 + 6480 log % — 2600)
= v (2800 + 6480 x 0°'61)
= 6750 v,
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which, as before, we know
= 1760 foot-pounds,

_ 1760 _ . :
whence v = 5750 0262 cubic feet,

= 462 cubic inches.

This volume we can divide as we please between the piston
area and the stroke, bearing in mind that the mean speed
of the piston should be not greater than 10ft. per second,
unless in exceptional circumstances. That is to say, we ean
fix on—

(i.) Any stroke we please, say 8in., and find the corres-
ponding value of the area of the piston, which will in this

case be

452
—_— = '5.
3 66

Then, if d be the diameter of the cylinder, we have—
I 2 = °
i d 565

_ /b6b x 4
“=J "
= 85in.
(ii.) Or we can determine arbitrarily the diameter of the
cylinder, say 10in.,and find what length of stroke will give
the required volume. Thus, area of a 10 in. circle = 785.

Then stroke 452
= 785 = 576 in.
The mean piston velocity in feet per minute will clearly
be in this case 150 x 2 x stroke in feet. This should not

be greater than 600,
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CHAPTER 1II.
VALVES, PorTs, AND VALVE DI1AGRAMS,

THE area of the ports can be now determined so that the
steam velocity through them is (if possible) not greater
than 80ft. per second. In large quick-running engines
using high pressures this velocity is often greatly exceeded,
owing to the necessity of keeping down the size of the
ports. Excessive wire-drawing (or fall of pressure in the
cylinder below boiler pressure) is always the result of a
high steam velocity through the ports.
We have—
Steam volume per second = port area x 80ft. per second =
volume of cylinder x strokes per second.
Hence in this case—

Q(Z)ﬁ = '0164 square feet.

This area must therefore be the product of length and
width of port.

In designing the valve and valve face, we have to work, as
is usual in machine design, by the method of “trial and
error "—that is to say, suppose we have to determine, as here,
values for three or four variables which depend on one
another, we have ‘to fix arbitrarily one or two of them, and
determine the others to suit. If it is found subsequently
that for some reason these will not answer the purpose, we
have to correct the design accordingly. Now,in this case
we only know that—

1. Length of port x width = ‘0164 square feet,
= 2'36 square inches.
2. Cut-off takes place at half stroke.
3. Compression takes place at three-quarter stroke.
4. Ports are to be fully opened to steam and exhaust.

port area =
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We have to design a valve to fulfil all these conditions.
First, we fix arbitrarily length of port opening 3%in.,
suppose; thisgivesa width of port of § in. The ratio ——-:T::;‘
is usually from 6 to 10. The width of the exhaust port
must be such that when the valve is at the end of its travel
the exbaust port is open by at least the width of the steam
port. A width of 2 or 25 times the steam port is usually
enough to secure this. Hence we provisionally fix the
exhaust port width at 1§ in, Any of these dimensions may
have to be altered if we afterwards find them unsuitable.
The width of the bar between the steam and exhaust ports
must be great enough to enable it to withstand the steam
pressure on it. The thickness of the metal is usually about
the same as the thickness of the cylinder metal. The width
of the actual working surface of the bar is usually about
three-quarters of the width of steam port. Assume in this
cage width of bar = 4in. The only remaining point about
the cylinder face is that the edge must be in such a position
that when the valve is in its extreme position its edge just
overshoots the edge of the cylinder face on each side. Thus
the cylinder face is completely determined. The lap of the
valve will probably be about §in. The minimum half
throw of the valve is then lap + width of port, and the
maximum = lap + width of port + width of bar; but it
is usual to keep it very near the former, so we select
1} in, say, for the provisional half throw of the valve.
We have then to consider how to make the valve so that
it may (1) cut off at half stroke, and (2) close the exhaust
port at, say, } stroke. For problems such as this the
Zeuner valve diagram is often used. This, however, is
not an accurate construction, however pretty it may be
considered as a piece of geometry. To those who are well
acquainted with harmonic motion it is easy to see that
Zeuner’s valve diagram is merely an ingenious method of
setting out a radial curve of displacements in SHM. The
construction for Meyer’s gear is an application of the
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principle that two SHM’s of equal period in the same
direction when superposed produce a relative SH M. But
engineers are not always as familiar with SHM’s and
relative motions as they might be, and it follows that they
use this construction as a rule of thumb—sometimes with
not very happy results, as the valves of many engines show.
We shall not explain it here, as it is too mathematical in
character. If it be already known, it is very useful as a
first approximation to give the approximate angle of
advance and lap of valve we require. It may be found in
any book on the steam engine. These values will have to

Fia. 2.

be further corrected by trying over the valves found by
means of the diagram which will now be explained.

We shall first explain the construction for a single valve,
and afterwards the construction for two valves. Draw the
line of centres, fig. 2, a circle representing to as large a
scale as possible the path of the crank pin, and another
representing to the same scale the path of the centre of the
eccentric sheave. In some cases where the stroke of the
piston is comparatively large and the stroke of the valve
small, it may be desirable to draw the latter circle to a larger
scale than the former. In this case everything connected
with the valve, such as the eccentric rod, must be drawn to
the valve scale, and all the measurements except those of
piston position must be measured by this scale. This should
not be used until the method is thoroughly understood, as it
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is apt to cause confusion. A construction will be presently
explained, whereby these valve ellipses, even for very large
engines, may be drawn full size on an ordinary sheet of
paper.

Divide the crank circle into a large number—-say 32—of
equal parts, starting from dead centres. Number them 0 to
31 (only a few points are shown in fig. 2, to avoid confusion).
Set out the assumed angle of advance (11 A) where A
is the centre of the shaft; 0 will then be the position
of the centre of the eccentric when the crank pin is
at 0. Divide the eccentric circle into the same number
of parts as the crank circle, starting at 0, and number
them corresponding to the numbers on the crank circle.
Thus the eccentric centre is at 3 when the crank is at
3, and 80 on. (This separate division of the circles may be
avoided by setting off the angle of advance at 9 CL, and
marking valve positions on AL produced.) Set a pair of
trammels (or mark a piece of paper) to the scale length of
the connecting rod, and placing the point on each of the
crank points 0, 1, 2, 3 in turn, mark off on the line of
centres the corresponding position of the crosshead pin
at O, L, IL, IIL, &c., and erect ordinates at these points.
Mark off at C the central position of the piston. It
is thus clear that when the crank is at 4, for instance,
the piston is at a distance C—I V from the centre of its
stroke. Now set the trammels to the scale length of the
eccentric rod, and proceed on the eccentric circle as before,
marking and numbering the positions of the eccentric rod
pin on the line of centres. Mark ¢ as before, for the central
position of the valve. Now mark off, with dividers, at O (o),
the distance by which the valve is in front of its central
position when the crank pin is at near dead centre—t.e.,
¢ (0). Similarly, make I (i) = ¢ (i.), IL (ii.) = ¢ (ii.), and
8o on for all the other points, measuring below the line of
centres for distances to the left of ¢. Draw a curve accurately
through these points so obtained. This curve shows
accurately at a glance, and independently of mathematics,
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the varying position of the valve corresponding to all
positions of the piston—e.g., when the piston is at V., the
valve is at a distance V. (v.) from the centre of its travel
We can now easily determine the lap of the valve to cut-
off at any point of the stroke and the corresponding lead.
Imagine the valve in its central position, as in fig. 3. It is

Fic. 8.

clear that the length A B is the lap, so that when the valve
is moved a distance A B in either direction, one or the
other port will be just closed, and no more. Cut-off, then,
will take place when the valve is at a distance = A B from
its central position. Conversely, if we desire cut-off to take
place when the piston is at, say, { stroke, we must make the
lap equal to the distance which the valve is from its central
position at that time—that is to say, the lap is S R, fig. 2,

f

PRAOTICAL ENQINEER

Fra. 4.

and the amount of opening of the port is at any point the
vertical distance of the lind T R from the curve. The lead
is then T (0). Precisely the same construction holds for the
other side of the piston, and also for inside lap for any
desired compression. The lap will be different on the two
gides of the valve. The reason of this is that, owing to the
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effect of obliquity of the connecting rod, the crank has not
turned so far during the forward stroke when the piston
has described three-quarters of its travel as it has for the
same fraction of the travel on its return stroke. Thus, when
the crank pin is at P, fig. 4, the piston is at a distance A N
from the left end of its stroke; while for a diametrically
opposite position ), B M represents the distance travelled
by the piston from the right end ; and B M is clearly less
than AN. The obliquity of the valve rod is much less than
that of the piston rod. The position of the valve, therefore,
is not affected so much by obliquity as that of the piston.
This is briefly the cause of the difference. Care must be
taken with the inside lap C D, fig. 3. If the valve is moved
to the left by a distance C D, the left port will be just closed
to exhaust ; therefore, make the inside lap on the left = the
distance (positive or negative) by which the valve is on the
left of its central position when the piston is at the point
where compression is to commence, and make the inside lap
on the right = the distance by which the valve is on the
right of its central position when compression on the right-
hand side is to commence.

The method of drawing the diagram full size is as follows :
Draw two concentric circles, as before, to represent the
paths of the centre of the crank pin and the centre of
the eccentric sheave full size, and mark them out as before
into numbered corresponding positions of these centres.

Suppose Q, in fig. 4 (a), is the position of the eccentric
sheave centre, corresponding to position P of the crank pin.
Now, if we describe two circular arcs P M, Q N, with centres
which are the corresponding positions of the crosshead pin
and eccentric pin respectively, cutting the line of centres in
M and N, it is clear that the position of M between A
and B is the same as the position of the piston in its
stroke, while the position of N between C and D is that
of the valve. If, then, we can draw these arcs without
having resource to the centres p and g, it is clear that we
can find the displacements of piston and valve, or at least
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the latter, full size on an ordinary sheet of paper. These
arcs may be drawn by means of templates of cardboard
shaped as shown shaded in the figure, and used on a T square
as an ordinary set-square is used. A central horizontal line
must be drawn on each, which must be placed in position
on the line of centres. The line AB (which may be on a
smaller scale than CD if the template is also cut to a
proportionately smaller radius) must be used as the base on
which valve positions are to be plotted.

For Meyer’s valve gear the construction is precisely the
same a8 for a single valve. But we now get two elliptic
figures as curves of valve position, one for each eccentric,
and it is by the intersection of these that we determine the
time of cut-off, &c. The most common practice in engines
with valves of this type is to put the expansion eccentric
exactly opposite the crank. (It is placed forward of this

Fia. 44,

position if a very early cut-off is desired, and behind it for a
late one.) In this case the curve of position of the expansion
merges into one line, as will be found by trial. The reason
for this can be easily seen by anyone who thoughtfully
examines the method of drawing the curve. As all prob-
lems of relative motion are somewhat confusing, some care
will be necessary.
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At fig. 5 will be seen a pair of curves which have been
obtained in the way explained above. Let us examine
carefully the meaning of each one. Curve A B shows the
distance of the main valve from its central position corres-
ponding to every point in the stroke. Let the reader
dismiss from his mind every other part of the valve except
the cutting-off edge R on one side, say the left-hand side.

/IW//

NV A

R

Fia. 5.

Now, curve A B represents the distance which the left-hand
cutting-off edge of the valve is from i¢s own central position
at any point of the stroke.

Now consider the curve C D. This represents the distance
which the cutting-off edge S of the expansion valve is from
1ts own central position at any point of the stroke. Now, it
is clear that at the point K, where the two curves intersect,
each valve has been moved the same distance to the right,
and therefore the cutting-off edges are exactly as far apart
as they are when both valves are placed centrally, as in (a)
(6), (c), fig. 5.

(a) If, for instance, the distance SU is = R T, as in (a),
then at a point of the stroke corresponding to K cut-off will
take place, because the cutting-off edges are then together,
for it is clear that moving both valves the same distance in
either direction will not alter their relative positions. It is
thus clear that in' case (a) the vertical distance between
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curve A B and CD represents the distance apart of the
cutting-off edges S and R at any point of the stroke, S being
to the right of R when curve C D is above curve A B, and
on the left when CD is below AB. Thus, on the return
stroke, when, say, a quarter stroke has been described, the
piston is at E and moving towards the left, Here F in
curve C D is above G on curve A B, and hence S is on the
right of R by a distance F G, and so on.

Now dismiss S and R from the mind completely, and
consider solely edges T and U in case (a). It is clear that
they will come into operation on the return stroke only,
and, since the valves are together at H, it is at this point
on the return stroke that cut-off takes place. Precisely
similar reasoning holds for T and U as is given above for
R and S—that is, the vertical distance between the two
curves gives the distance apart of edges T and U, U being
on the left of T when C D is below A B, and vice versa.

() Now let us turn to case (b)—z.c, when SU > R T, or
when the expansion valve in its central position overlaps
the main valve ports. Cut-off will now take place on the
left-hand side, when the expansion valve is moved toward
the right of the main valve by a distance S R—that is to
say, when the difference between the displacements of the
main valve and of the expansion valve is = S R. The
distance apart of S and R will be the same as in case (a),
except that in effect a piece RS has been tacked on the
valve arranged as at (a), which, of course, diminishes the
distance apart of the edges when S is on the right of R,
and increases it when S is on the left of R.

Now, we have seen that in case (¢) M N gives the distance
apart of the edges when the piston is at L ; hence, if we
make NP = RS (b), we see that the distance between the
edges is given at MP. Similarly, if we draw a curve
(dotted) which at all its points is a distance R S (b) vertically
below curve CD, then the vertical distance between this
dotted curve and curve A B will, as before, give the distance
apart of the cutting-off edges with the same distinction
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between left and right as given above. Hence we see that
cut-off must take place at QQ instead of, as before, at K.

(¢) Now consider case (¢). It is evident that when cut-off
takes place on the left-hand side, in this case the expansion
valve must, relatively to the main valve, be moved towards the
left by a distance S R, and that the distance between the
cutting-off edge will be the same as in case (a) + distance
RS when the edge of the expansion valve is on the right,
and — RS when it is on the left. Hence, exactly as before,
if wedraw in a curve X Y, which at all its points is vertically
above the curve CD by a distance RS (c), then the vertical
distance between this curve and A B at any point of the stroke
gives the distance between the cutting-off edges ; thus, when
the piston is at L, the distance apart of the cutting-off edges
is M X. This makes it very clear how increasing the distance
between S and U of the expansion valve alters the cut-off.
Just as in the case of a single valve, we may call the distance
R S the “lap” of the expansion valve. In case (c) the lap
is negative, and we may very easily determine the lap
required for any given cut-off by measuring the distance
by which the expansion valve curve is at that point above
the main valve curve. That this lap ought to be very different
on the two sides of the valve is obvious from the diagram.
The determination of the lap on the right-hand side is
exactly the same as on the left. If any difficulty be
experienced in determining whether the lap on the right
side is positive or negative, just turn the diagram upside
down, and it will be exactly similar to the other side.
Another point which this diagram enables us to check with
great ease is that the inside edges of the expansion valve,
such as V, be not allowed to overshoot the edges, such as W
of the main valve port. In that case steam would be re-
admitted over the back of the valve, and the indicator card
would then have the shape of fig. 6, which is very bad
indeed, because it not only destroys all the economy of
expansive working, but throws away a very large part of
the work which might be got from non-expansive working.
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It is clear that, in order to prevent this, the distance
between W and V, when the valves are both in their central
positions, must be greater than the greatest possible
distance apart of the centres of the two valves ; or, in other
words, the width S V of the expansion valve must be greater
than (the greatest distance by which S ever overlaps R+
width of port)—t.c.,, SV > S R (max) + RW.

This distance between S and R is greatest at the pomt
where the curves A B and C D are parallel, as they are (for the
left-hand ports) at Z z, and (for the right-hand ports) at L P.

If the expansion is to be variable, the greatest danger
of re-admission occurs when the expansion valve is set for
earliest cut-off. If this point be tried over in the way

Fia. 6.

here explained, and found right for the earliest cut-off
possible, the valve will be quite safe for all other points.
Engines should be so designed that it is mechanically
smpossible for this re-admission to occur. It should never
be left to the discretion of the engine attendant not to over
wind the expansion wheel, but it should be put out of his
power. It is safe to assume, that if there is any possible
way for the engine attendant to work an engine wrongly,
he will discover that method and use it as much ‘as
possible.

Nore.—In the case of a variable cut-off the expansion
eccentric should be so set that it is vertical at that point of
the stroke where cut-off is usually to take place. This gives
the most rapid cut-off possible at that point. The larger the
stroke of the expansion eccentric the more rapid the cut-off.

3D
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STEPHENSON’S LINK MoTION,

A modification of the same method is very useful in
designing valve gears of other types, of which a very large
number have been invented. When once the method has
been understood, the application to any gear whatever is
quite easy. In illustration we shall apply the method to
Stephenson’s link motion and Joy’s valve gear.

The first of these consists of two eccentrics whose centres
are A and B, fig. 7, and two eccentric rods A C and BD con-

Fia. 7.

nected by a link, whose centre line is CD, in which slides a
block at E, which is connected with the valve rod EF.
One of the eccentrics is set 80 as to drive the engine in one
direction and the o in the other, as shown. The valve
can be put under control of either of the eccentrics by means
of a lever which actuates the bell crank F, and so raises or
lowers the pair of rods AC, B D, that either one or the
other has most influence in actuating the valve. The most
common method of suspension is that indicated in fig. 7,
where the swinging rod LD is attached to D. If other
methods of suspension are used, the diagram must be modified
accordingly, as will be presently explained, Consider one




STEPHENSON’S LINK MOTION, 19

position of the point L, as shown. It is clear that for
this position of L the point D describes a circle DM, with
L as centre, Mark the crank circle out as in fig. 2, also the
eccentric circle or circles, numbering them in the same way
as before, so that 1 on one circle corresponds to 1 on the
others, and so on. Obtain a set of ordinates corresponding
to the positions 0, I., IL., IIL, &c., of the crosshead pin, as
before. Now set the trammels to the scale length of the
eccentric rod BD, and mark off on the circle D M, the
positions of the pin D corresponding to the various positions
of the crank pin. Find and number the corresponding
positions of the point C by the intersections of two circles,
one with D as centre, and the length of the link centre to
centre D C, as radius, and the other with A as centre and
A C the length of the eccentric rod as radius. Now make
a template of cardboard representing the centre line of the
link CD to scale. The shape of this link will be presently
discussed. Assume for the present that it is a circular arc
of given radius ; place this template so that.its edge passes
through C and D in each of their corresponding positions,
and mark off and number on the line of centres at E the
point where the template in each of these positions cuts the
line of centres. The motion of this point gives the exact
motion of the valve, which can be plotted as before on a
base representing the position of the piston, and a curve of
valve position drawn through the points. This curve is, of
course, treated in exactly the same way as the curve in
fig. 2. Several of these curves have been obtained in fig. 8,
to show the effect of gradually raising the link. It will
be seen that when the glut or die sliding in the link is
opposite the end of the eccentric rod the valve curve is
practically the same as in the case of a single eccentric.
Raising the link causes the valve ellipse to become
narrower—in other words, causes the throw of the valve to
diminish, thereby both diminishing the lead and causing
the valve to cut off earlier, as is seen in fig. 8, where cut-off,
in curve 1 occurs at L, whereas in curve 2 it occurs at M, &c.
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On continuing to raise the link, it will be seen that the
ellipse merges into a line, as is almost the case in curve 3.
‘When this is the case, iﬁ is clear that if the laps of the valve
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be small'enough the engine will run at very small power in
either direction indifferently. If, however, the laps be too
great for this to happen, then steam and exhaust will both
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be entirely cut off from both sides of the piston. The
minimum value for the laps, in order that this may be the
case, will be the maximum height of the curve, for it is
clear that the lap lines must both be entirely above or
below the curve. On continuing to raise the link, the
ellipse again opens out, but is described in the reverse
direction, a8 shown by the arrows. This shows that if the
engine were to start running in the same direction as before
(as it will do, owing to the lead, if the crank is slightly
above dead centre), the motion of the valve will immediately
cause this direction to be reversed by admitting steam to
meet the advancing piston, and exhausting the steam which
is driving the piston. In fact, the engine must go round in
the same direction as the ellipse is described, when the
points on the circle are taken in clockwise order.

The objects to be aimed at in design are: (1) To secure
that, wherever the link may be, the valves move equally on
each side of the ports.* Of course, in order that the die
may fit the link at all points without any “slack,” it ig
necessary that the form of both cheeks of the slot must be
portions of concentric cylindrical surfaces, and the die must
be fitted to the same radius. It remains to determine the
radius which will secure that the valve is kept central.
This is found to be nearly the length, centre to centre, of
the valve rod, or more nearly the distance from the pin
where the centre lines of the eccentric rods cut one another,
when the crank is on the dead centres. The best length is
somewhere between the two, which can only be found by
trial. When the engine has to run equally in both direc-
tions, the two eccentrics must be placed symmetrically, or
nearly 80 ; but when almost all the running is to take place
in one direction, it is sometimes thought desirable to keep
the lead constant for this direction, while the lead for the
other direction varies a good deal. This may be secured by
slightly shifting one eccentric forward.

*In some cases it is found in practice that an engine runs better if this
condition is not exactly fulfilled—e.g., in vertical engines and locomotives.
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(2) The next point to be considered is that the slip of the
die in the link must be diminished as far as possible. If the
die slips about much in the link, a great increase of friction
and wear of the die and link is the result. Designers differ
a8 to the best way of avoiding slip. Some maintain that
the link should be suspended from its centre while the .
suspending rod is as long as possible ; others maintain that
it should be suspended as in fig. 7, by which means a longer
suspending link is obtained. This is the usual practice in
locomotive design, where the proximity of the boiler
prevents the use of a very long link. In some cases the
curvature of the path of the point D, fig. 7, may be utilised
to diminish slip. This can often be effected for one position
of the link at the expense of greater slip for other positions.
In any case the slip curve should always be obtained for
several positions of the link in the following way. Cut
a piece of millboard (fig. 10, shaded edge) to a radius equal
to that of the centre line of the link to scale, marking
the position of the centres of the pins R, R,, and place
this on the diagram in all the positions which the link
assumes in one revolution, as in the construction explained
at fig. 7, where CD would represent the position of the
shaded circular edge of the millboard at dead centres.
Mark off and number at E on the millboard template the
point where the line of centres cuts the edge of the
template. Do this for all the positions of the eccentrics in
one revolution, and the amount of slip on the die from its
central position will be seen by bisecting the distance
between the extreme marks on the template. These
distances can be plotted on a base of piston positions if
desired, and the ingenuity of the designer must be brought
into play to reduce the slip as much as possible at those
parts of the link which have to be most used.

A method of designing link motions so as to secure a
minimum of slip for one position of the block in the link is
a8 follows : Make a template, fig. 10, to represent the centre
line of the proposed link to scale. Mark on this template
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points R,, Ry, representing the centre of the pins by which
the rods are attached to the link ; also mark on the edge
representing the centre line of the link the desired position
P of the die in the link ; also mark on the template several
points Q, Q, &c., from among which the position of the
.suspending link pin is to be selected. Next place the
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template on the drawing in such a position that the point
P is on the line of centres, and the points R,, Ry are on
their respective circles struck with radius equal to the
length of the eccentric rods, and from centres which are the
corresponding positions 11, 22, &c, of the eccentrics.
When the template is in position mark on the paper the
positions assumed by all the points Q, and label them so
that they may be recognised. Do this for all successive
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positions of the eccentrics, and then draw curves represent-
ing the paths of the points Q. That position of Q should
be selected for the position of the suspending pin which
most nearly describes an arc of a circle, and the centre of
this arc should be the suspending point.

If the eccentric rods are “crossed ”—t.e., if the eccentric A,
fig. 7, is made to drive D, and B to drive C—the effect is to
increase the lead as the link is raised. The diagram is
drawn exactly as before.

As many engines are made with the link suspended from
the middle, it may be desirable to explain a convenient
method of working out the diagram in this case, as it is
more difficult than in the case explained above.

The shape of the link is usually as shown at fig. 9, A being
the hole for the pin by which it is attached to the swinging
link, and B and C the points of attachment to the ends of
the eccentric rods.

It is very desirable (as already pointed out) to increase
the scale of the drawing as far as practicable for the sake of
accuracy, and a method of drawing this diagram full size
without any undue expanse of paper being required is very
useful. It is clear that if we can dispense with the centres
of the crank shaft and actual eccentrics, there will be no
difficulty in drawing any ordinary gear full size on an
ordinary sheet of paper.

Let it be required to find the motion of the mechanism
shown in fig. 12, where BD A E C is a skeleton drawing of
fig. 9, DE being the centre line of the slot. Now, it is
required to find the point H where the centre line. DE
cuts the line of centres V O corresponding to the positions
F QG of the eccentrics on a full-size diagram. Cut out a
template of the shape of fig. 10 to represent full size of the
link where the points A B C(tig. 12) are the centres of the pins.
This full-size template must be placed on the drawing in
the positions successively assumed by the actual link in one
complete revolution, and this without the assistance of the
actual centres of the eccentrics. A, it is clear, must, when
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in position, lie on an arc with L, fig. 12, as centre, B on an
arc with F as centre, and C on an arc with G as centre, and
the difficulty is to describe the arcs through B and C with-
out the use of the centres F G. This is overcome asfollows :
Make a template of the shape of fig. 11 where MN is a
circular arc whose radius = F B, and M P part of a radius.
Make O O,, fig. 12, = FB, and describe a circle F, G,
equal to FG. It is clear that F must be a point on the
required arc through B, for FF, = 00O, = F B ; hence we
can use the template MNP as a set square is used, and
draw off along M N the arc required, as at F, B, fig. 12.
Hence we see that we do not now require the centres F G,
for we can draw any arc we require without them, and
the template B A C can be easily adjusted as required, and
the point H determined and marked on the paper. Thus
the displacements of the valve are determined full size,
All the constructions previously described can by this
method be made full size.

The curves in fig. 13 have been obtained, as explained above,
from a well-designed link motion to show how the cut-off,
lead, travel, and slip vary for different mean positions of
the die in the link. The length of the link is 18in. The
rods are crossed. The lap of valve is 1in., and radius of
occentric 3} in. The scales to which the curves are plotted
are also appended. It will be seen that all the curves are
regular, with the exception of the slip curve, which is of a
wavy shape. It will also be seen from the curves that the
point of cut-off varies more rapidly near the centre of
the link for a small motion of the link than near the ends ;
also that the lead increases as the link is raised, and that
the slip is greatest near the ends of the link, diminishing
to nothing near the centre. These curves give a very
comprehensive notion of the action of this form of link
gear,
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JoY’s VALVE GEAR.
Joy’s valve gear is one of the many methods of driving
the valve without having an eccentric on the shaft. It is
shown in outline in fig. 14. C R is the connecting rod, P
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is a fixed point, P Q a radius rod, QL a rod connected to a
point on the connecting rod, M is a point on rod Q L, M D
a rod attached to this point, D is a die sliding in a circular
slot A B, E is the point of attachment of the valve rod.
As the connecting rod works, point E describes the elliptic
figure shown. These figures may be found by straight-
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forward constructions, as follows: Mark in successive
positions of the connecting rod, and find point L on each
of them. Cut the circle through Q with a circular arc of
radius = L. Q. Draw in the successive positions of this rod,
and find point M on each of them. Cut A B with arc of

PRACTICAL ENGINEER. 'l
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radius = M D, and draw in successive positions of this rod,
and find point E on each of them. Then cut the line of
centres V H by an arc of radius = rod E H. This gives the
motion of a point H connected with the valve, from which
the motion of the valve may be found. The valve position
curve will be an ellipse, which must be treated as before.

CHAPTER III
DIMENSIONS OF DETAILS.

GRAPHICAL methods can sometimes be employed to simplify
the calculations necessary to determine the dimensions of
other parts of simple engines than those already mentioned.
Where the calculations are very simple, it is much quicker
to adopt arithmetical methods, especially when a slide
rule is used. A combination of the two in the more complex
cages is eagier and more rapid than either separately, The
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use of very high pressure steam, which is now becoming so
common, often makes it difficult or impossible to adopt such
low values for stresses, pressures, &c., as are usually found
in text-books. Considerations of appearance and economy
enter 8o largely into design, that a draughtsman often has
not as free a hand in determining dimensions as he might
wish. There is no doubt that stresses in materials and
pressures on bearings are regularly used, and with results
perfectly satisfactory in every way, which are largely in
excess of text-book values. For instance, a designer of very
wide experience in marine-engine work, publicly stated
not long ago that in calculating diameters of crank shafts,
he found it sufficient to neglect entirely the bending
moment on the shaft, while allowing the same stress in the
material as is ordinarily allowed for this part. The effect
of bending moment and twisting moment combined is
always much larger than, and is often double of, that due to
twisting alone, whence it appears that stresses of double
the text-book values are sometimes used with good results.
Though this appears a somewhat extreme instance, there is
no doubt that if one could be sure that all materials were
perfectly sound and free from flaws, very much higher
values than are now used might be safely allowed in
designing. Experience is, of course, the only reliable
guide in determining how far it is safe to exceed ordinary
values, when these are inconveniently small. It may,
however, be stated generally that as low values should
always be allowed for stresses and pressures as are con-
gistent with economy and a good appearance. Large wearing
surfaces tend to long life of the engine and low cost of
repairs. -

The following calculations and constructions show how to
obtain the principal dimensions of an engine rapidly and
easily, assuming ordinary high values for stresses and
pressures. (iven diameter of cylinder and length of stroke,
determined as in article I., and length of connecting rod.
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Size or PistoN Rob.

Find area of piston in square inches (D? x “7854),
Multiply by the boiler pressure in pounds per square inch,
. This gives total pressure on the piston. The diameter of

screw at the back of the piston should be

Total force on piston in pounds
3400

This allows a stress of 6,0001b. per square inch at the
bottom of the thread.
Diameter of piston rod should be not less than

Total force on piston
2800

which allows a stress of 3,6001b. per square inch, a value
which is found sufficient to allow for undeterminable
strains, such as bending in the cylinder, due to presence of
water, and bending due to the slide bar being slightly out
of line.

AREA OF BEARINGS,

To obtain area of crank pin (t.c., length x diameter), set
off the total force on the piston as at A B, fig. 16, to a scale
of 5001b. to 1 acale division. These divisions may be 1in.,
4in,, 1 centimetre, or any other convenient size.

A 8
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Draw a perpendicular A C from A. Make the angle ABC
equal to the maximum inclination of the connecting rod.
Then the area of the crank pin should be not less than the
number of scale divisions in BC. Thisallows a pressure on
the bearing of 5001b. per square inch. A larger area than
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this is very desirable if it can be obtained. Twice as much,
or even more, is not too large, and can often be easily obtained
with low pressures, though some authorities allow as much
as 1,0001b. The area of the crosshead pin should be not
less than 3 BC. The diameter of this pin is treated of
later on. The area of the slipper should be not less than
4 x AC, measured by the assumed scale,

DiAMETER OF CRANK SHAFT.

To obtain the diameter of the crank shaft we must know
the bending moment on it and the twisting moment. To
obtain the former, calculate the probable position of the
centres of the bearings (which should be as close to the
crank pin as possible) After the crank shaft has been
provisionally designed, it may be necessary to correct the
construction if the position of the centres of the bearings is
very different from this estimate. Set out these positions
as at PQR, fig. 17, to any scale where P and R are the
bearings, and Q the line of stroke. Find the value of BC,
€ig 16,in tons. This is the force at Q. Multiply this force in

Practical Bnginesr.
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tons by the real length of P Q in inches, and set off the value
so found to any convenient scale along PS. Join S R, cutting
Q produced in T. Then QT to scale represents the bending
moment at Q in ton-inches. The vertical distance of the
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line PTR from PR at any point represents the bending
moment at that point. The process is similar if there is
more than one force between the bearings, as in fig. 18
where A and D are the bearings, and B and C the forces.
Multiply force B in tons into AB in inches. Set off the
value 8o found at AE. Multiply C in tons into AC in
inches, and set off this value at EF. Join F D, cutting C

A B C D
;
1
E H a
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produced in G. Join EG, cutting B produced in H. Join
AH, Then AHGD is the curve of bending moments on
the shaft in ton-inches. We shall first deal with a single
crank having a bearing at each end.

Having found the bending moment, find the twisting
moment by multiplying the total maximum force in the
connecting rod—i.e, BC, fig. 16, reduced to tons into the
length of crank. Set off the length UV, fig. 17, as shown
in fig. 19. The reason for UV, and not QT, being taken,
will be presently explained.

Draw UM at right angles to it, taking UM equal to the
twisting moment on the same scale as the bending moment
scale. Describe a circle M N with VM as radius. Take UP
= 10in, and UR = 2'8in. Join PN, and produce it to S,
and draw R S horizontally. Then the length of RS, in the
same units as the bending moments are measured in, gives
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the value of d® where d is the diameter of the shaft
required.

For instance, if the bending moments are set off to the
scale of 3in. = 1 ton-inch, then, if R S measures 16in., corres-
ponding to 32 ton-inches, the cube root of 32, or, say, 3} in.,
will give the necessary diameter of shaft, allowing 4 tons
per square inch on the steel of which the shaft is made.

P
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This construction is a convenient way of solving the two
equations—
T.=M+JMZ+12 . .. ... (i)

and T¢=—1%qD".........(ii.)

where T. represents not the actual twisting moment urging
the crank shaft forward, but an imaginary twisting moment
which would produce the same stress in a shaft as a bending
moment M and a simple twisting moment T combined, ¢
being the stress on the shaft (here assumed as 4 tons per
square inch), and D being the diameter of shaft. It is
clear that
VM = J/M?Z + T,
and therefore UN =M + JM? + T* =T, ;
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also RS=T¢X%

=T, x 128
== Te X _é.

7
from equation (ii.) above, after substituting 4 for g.

Of course, M and T are the simwltancous values of
the bending and twisting moments respectively. If the
valve gear is so designed as to always cut off steam
before half stroke, it will be necessary, in case the weight
has to be kept down, to find the point of the stroke
at which M + /M? + T? has its greatest value. It is
clear that the pressure on the piston falls considerably when
the steam expands. Now, the bending moment is only
dependent on the total pressure on the piston and the
relative position of the bearings and line of stroke, as seen
in fig. 17. It does not in the least depend on the angle
which the crank makes with the line of stroke, except in so
far as this latter affects the total pressure on the piston.
Thus the value of M diminishes as the steam expands, being
in all cases directly proportional to the total pressure. But
the value of T may and does increase considerably, in spite
of the diminishing pressure, because during almost the
whole of the first half of the stroke the leverage at which
the push of the connecting rod acts is increasing more
rapidly in proportion than the total pressure is diminishing.

If O P, fig. 20, represents the position of the crank at any
time, then the twisting moment on the crank shaft at that
instant = force in CP x real length of O K, where O K is
the perpendicular on C P produced. The force in C P must
be found by the method explained in connection with fig.
17. The constructions already explained are so easy and
rapid, that the value of T. can be quickly calculated for half
& dozen positions at the crank in the first half of the stroke,
where its value will be greatest, from the hypothetical

4D
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indicator card,as shown in fig. 1. These values of T. should
be plotted either on a base of piston positions, or on a base
representing the crank circle unrolled. The latter is perhaps
better. A smooth curve drawn through the points will show
very accurately the maximum value of T, which should, of
course, be used in calculating the diameter of the shaft.
No point on this curve need be found corresponding to a
position of the crank before cut-off takes place, for it is
clear that the value of T. at ocut-off will be greater than
any value it can have before that point, because, while

%ﬁ(\
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M is constant during admission, T. is constantly increasing
during that period ; so that M + ./ M? + T? must be greater
at cut-off than at any previous time. More complicated
examples of crank shafts will now be considered.

The calculation becomes somewhat complex, though quite
eagy, if there are two or more cranks using expansion between
the two bearings. In this case curves of bending moments
must be drawn, as explained in connection with fig. 18, for
several positions of the crank shaft. As regards the twisting
moments, it must be borne in mind that any twisting
moment generated in the shaft by any of the cranks is
transmitted undiminished along the whole length of the
shaft between the point where it is generated and the
point where the power is drawn off.

Thus, if fig. 18 represents a skeleton of a shaft which has
two cranks at right angles, driving, let us say, a centrifugal
pump through a coupling, then the twisting moment




DIMENSIONS OF DETAILS. 35

generated at B is transmitted as a twisting moment along
the shaft between B and C, through the crank pin C, still
existing in that pin as a twisting moment (assuming rigidity
of the shaft) in spite of the fact that the pin C is out of line
with the shaft (since a couple is equivalent to any other
couple of equal moment which has its axis parallel to that of
the first couple), along through the bearing D to the coupling,
where it is resolved into pairs of shearing forces on the
coupling bolts, beyond which it again becomes a twisting
moment in the pump spindle. Now, the twisting moment
generated at C does not appear as a twisting moment until
it reaches the shaft between C and D. In the pin C there
can be no twisting moment due to the force C, because to
produce a twisting moment we must have two equal and
opposite couples, one at each end of the shaft. There is no
opposing couple at the other end of the shaft, and therefore
there can be no twisting moment in C, except that due to
B’s action on the one side and the resistance of the pump
on the other.

The magnitude of the twisting moment in pin C will be .
the twisting moment generated by B, since the other part of
the total twisting moment in the pump spindle does not
exist as a twisting moment further to the left than the
right-hand crank cheek of C. A little consideration will
enable us to dispense with a large part of the work in
finding the most strained section. The crank shaft
will probably be of constant size (from considerations of
symmetry) all along its length ; hence we can at once infer
that since B and C are exactly alike, and since B has no
twisting moment on it at all, while C has the twisting
moment due to B, and, in addition, the same bending
moment that B has (probably, but of course it depends on
the position of the bearings, and on the proposed indicator
cards), that therefore B is not the most strained section.
We can therefore neglect B altogether, and confine ourselves
to the part of the shaft between B and C, the pin C, and the
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shaft to the right of C. Where the shaft is very large, and
where lightness is important, it is sometimes necessary to
increase the diameter at the parts where the value of T, is
greatest. When this is the case, it is easy to find the
diameter all along the length of the shaft to secure equal
stress at every part.

To draw the curves for one position of the cranks
for a vertical engine, determine, as in fig. 21, the position

Fia. 21.

of the crossheads corresponding to the position of the
cranks given. Find, asin fig. 17, the load on the connecting
rods, and draw the bending moment curve (obliquely shaded
in fig. 21), assuming both loads vertical. This is sufficient to
secure a margin of safety. The exact state of bending
stress in the shaft, excluding twisting strains, due to
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loads not in the same direction, is somewhat complicated,
and need not be taken into account in practice.*

It can easily be shown, that when the inclination of the
rod is not large, it is sufficient to take both loads as vertical
to secure sufficient strength.

Next draw the twisting moment curve by calculation. It
consists in this case of only two steps, and is easily drawn.
The height of one step is the T M, due to B in the position
shown, while in the other the height is the joint effect of
Band C.

These are, of course,

Ta = force in connecting rod B x O M.

Ts = Ta + force in connecting rod C x O N,
where M and N are the feet of the perpendiculars (not
shown in fig. 21) from the centre of the shaft on the
connecting rod produced.

It is easy to select from this diagram the two or three
positions at which the value of T. might be a maximum,
Such as—

(1) A point to the immediate right of crank C.

(2) A point to the immediate left of crank C.

(3) A point in the middle of crank pin B where there is
bending moment alone.

Draw the diagram for T. for each of such points, and find
which is greatest. Do the same for several positions of the

* It is, however, very interesting, being somewhat as follows, as may be seen
by anyone who analyses it carefully. It consists in the vertical plane of a
varying bending moment all along the shaft. Between A and B the bending
moment is sometimes pure and free from shear—i.c., when both cranks are on
the same (positive or negative) side of the line of centres, and before cut-off has
taken place in either cylinder, When cut-off takes place in the leading cylinder,
the B M becomes impure between A and B—i.e., vertical shear is introduced, which
varies from positive to negative twice in each revolution. Outside A and B the
B M is always impure. Roughly speaking, one side of the shaft—i.e., the crank
side—is always in tension, while the other is always in compression. In a
horizontal plane there is also in general a varying bending moment, which can
never be pure, except in one position when cut-off is very late. Between A and
B there may be pure shear in the horizoatal plane near the ends of the stroke it
the valves have sufficient lead.



38 DIMENSIONS OF DETAILS.

cranks, judiciously selected, and take the maximum value of
Te for the necessary calculation for the diameter of shaft.
The whole of this process, though somewhat tedious to
describe, can really be effected with great rapidity if it be
thoroughly understood.

In the case of overhung cranks the bending moment and
twisting moment are both greatest at the centre of the
bearing nearest the crank. This is, therefore, the section to
be considered. The value of the bending moment is
force in connecting rod x perpendicular distance of centre

line of stroke from centre of bearing.
The twist and bending moments are combined, as before.

If the weight of a flywheel has to be taken into account,
it must be treated in exactly the same way as a force in a
connecting rod.

LocoMoTivE CRANK SHAFT.

In the case of a locomotive crank shaft we have to deal
with an additional bending moment in a vertical plane, due
to that part of the dead weight of the engine which rests
on the driving axle. The cylinders are here horizontal, or
nearly so, and the thrust of the connecting rods act on the
shaft in a direction almost at right angles to the shaft and
to the force due to the weight of the engine. We have,
therefore, to find the maximum resultant of two bending
moments, whose axes are inclined at a variable angle. By
the axis of the bending moment is meant the direction of
the axes of the equal and opposite couples, which, acting at
opposite ends of the shaft, produce the bending moment
between them, or, in other words, the direction of any line
at right angles to the plane of these couples.

Now, between W, and W, fig. 214a, the bending moment
in the vertical plane is constant, and the section on which
the greatest stress will come will therefore be that section
which has the greatest bending moment in the horizontal
or other plane due to the connecting-rod thrust. Now,
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suppose the connecting rods are both inclined upwards and
are in thrust. It is clear that the tendency of the upward
thrust is to counteract some of the downward bending
moment due to the weight of the engine. For a similar reason
the downward bending moment will be a maximum either
when both rods are inclined downwards, and are at the
game time in compression (as will be the case when the
engine is being driven forwards), or when both are inclined
upwards and are in tension. But since the axes of the
cylinders are usually slightly inclined downwards, it is

Fia. 21a.

clear that the former will be the position of greatest
bending moment in a downward vertical direction.

When the cranks are equally inclined to the line of
stroke, as in fig. 21a, there will be the same stress in the
connecting rods in the same direction, and this will be
the position of greatest bending moment. Now, we can
draw a bending moment curve, as already explained, due to
dead-weight forces in the vertical direction, and another
due to forces parallel to C, P,. The former should be
imagined drawn in a vertical plane, and the latter in the
plane containing O N (parallel to C; P,) and the axis of
the shaft. If this latter plane be turned about the axis
of the shaft into a vertical plane, this curve will appear as
at H, B; B, H,, while the “vertical force” curve will
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appear as H, A, A, H,. Itis clear, then, that both bending
moment curves may be drawn in the front elevation, and
their heights transferred, as shown, to their proper planes
on the end elevation, asat O N, O A. Now, the resultant
of these two, as at O R, will give the resultant bending
moment in magnitude and direction. This must therefore
be used in calculating the diameter of the shaft.

Sizes or BoLrts.

In determining the sizes of the various bolts and screws
used to connect the different parts, the section to be con-
gidered is that at the bottom of the thread, on which section
a stress of three tons per square inch is commonly allowed
in those cases in which the stress varies from zero to a
maximum. The diameter at the bottom of the thread is
very nearly 085 x diameter of bolt. Hence, when a force
varying from 0 to f tons has to be resisted by a bolt, the
full diameter of bolt necessary is

d =077 /F,
where 7 is in tons. This can easily be obtained from the
formule—

f=qx zdl’n
where the stress ¢ = 3 tons per square inch.

If the screw is likely to be twisted much, as in the case of
the studs of a cylinder cover,
d=08 /7

Very small bolts or studs, less that § in., should be avoided,
if they have to be tightly screwed up, as they are likely to
guffer more than larger ones from injudicious treatment at
the hands of a workman. The largest bolt or stud that can
be used consistently with good appearance and convenience
should always be put in. The above values should be
considered as the smallest that can safely be used in
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positions where sudden stresses are likely to come on them.
In case the bolts are to be under constant tension, the stress
allowed is usually 4 tons. In this case d =066 /. The
Practical Engincer Pocket-book contains a most useful
table giving the necessary sizes of bolts for different stresses
and loads.

‘Where it is possible, bolts should be turned down in the
shank to the diameter at the bottom of the thread of the
screw. The bolt is thereby rendered less likely to break,
for the following reason. If a bolt be accidentally subjected

to a larger load than it can bear, the greatest stress will, of

course, come on the section at the bottom of the lowest
thread. The bolt will therefore stretch at this part, while
the shank of the bolt will retain its original length. If the
force be increased till this section gives way, the bolt as a
whole will only have stretched a very small distance before
breaking takes place at this section. Now, if the shank of
the bolt be turned down, as described, stretching will take
place equally along its whole length, and the work necessary

" to break it will be much increased, because it will lengthen

much more before breaking than if it had not been turner
down.

Caprs.

The next point to be considered is one which is frequently
overlooked in engine design, viz.,, that the caps of all
bearings should be strong enough to resist all bending
moments which are likely to come on them. Caps are really
in the position of little beams loaded in the middle and
supported at the ends. Designers, judging from the breadth
and general appearance of these caps, frequently take it for
granted that they are strong enough to take their load
forgetting that the strength of a beam depends far more on
its depth than on its breadth.

The bending moment on & cap in ton-inches can easily be
found by the method of fig. 17. It is necessary to add that
the brass is not usually strong enough to take any of the
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bending moment, because brass is expensive, and it is there-
fore usual to keep it as thin as possible. The whole load
then comes on the middle of the iron or steel cap. The cap
is usually of flat rectangular section, both for the sake -of
appearance and cheapness.

A method of testing a proposed section for strength is as
follows: Find the bending moment on it in ton-inches by
the method of fig. 17, where P and R are the centres of the
bolts and Q the load. Then draw the section full size, if
rectangular or nearly so, as at A B C D, fig. 220 Mark off
AE=1in. Join DE, and produce to G&. Draw GKL
horizontal and D L perpendicular to D G. Then, if L K,

L K 6

yd

D_ Practical Buginer C

Y

measured in inches, is less than the B.M. just found, the
section, if of steel, is too weak. If of cast iron, the B.M.
should be not greater than one-fifth of K L. This is a

graphical method of applying the formula M = f Z for the

strength of a section under bending stress where Z = b_g—f

for a rectangular section. For the formula becomes M = 6

x”_gf=bde. In fig. 22 CG = b d, for by geometry AD x

DC=AE xDK =CG, and LK = bd?, because DK x
DA=LK x AE = LK. The stress allowed is here about
13,6001b., or 6 tons per square inch, which is the limit
which should not be exceeded for steel, while one-fifth of
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this value, or 2,7001b., is the limit for cast iron under ’
gimilar conditions.

CROSSHEAD PIN.

The crosshead pin is also a small beam, under similar
conditions to the above, as regards stress. It is,
however, usually backed up by a brass brush, which
is supported at the back by the crosshead, and the load on
it is probably more uniformly distributed than is the case,
for instance, with the connecting-rod cap. But if the cross-
head pin bends appreciably, even though it be amply
strong enough, the pressure on the outer parts of the

F

Practical Bnginesr.
G A (o]
Fig. 23,

bearing becomes very much intensified, and this may give
trouble by causing the bearing to heat. The following
construction allows a stress of 13,600 1b. per square inch on
the pin, assuming the load concentrated at the centre, and
gives good results for a steel pin.

Find the bending moment as before. Set up A B, fig. 23,
equal to the diameter of the pin. Make A C = 1in,, and
describe a semicircle passing through C and B, whose centre
is on A C produced. Make B E parallel to S C, cutting the
semicircle at E. Draw the line GEF. Then the line
representing the bending moment in ton-inches should be
not greater than # of AF. If it be greater than this, the
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diameter of the pin must be increased. In this construc-
tion GA=d? and AF =d3, as may easily be proved
geometrically.
Of course, the pressure per square inch on the bearing—
<.e.
’ total force in connecting rod
length of pin x diameter
must, a8 already explained, be kept below a maximum of
1,4001b, This construction only tests whether the diameter
of the pin is great enough to resist bending stresses. It is
a graphical translation of the formula M = /Z, where
) ad
-
allowing, ag before, a stress of 13,6001b., or 6 tons per square
inch, on the pin, which in good engines is usually made of
crucible steel.

EcCENTRICS.

The minimum diameter of the eccentric sheave is deter-
mined by the stroke of the valve and the radius of the shaft
as follows : The radius of the sheave should be so great that
the thickness of the sheave (between the surface of the shaft
and that of the sheave) at its thinnest part should be strong
enough. When the eccentric is made in two parts, the
smaller of the two is usually made of wrought iron or steel,
80 a8 not to unduly increase the diameter of the sheave;

an this is the case, the smallest thickness should be #in.,
ijhat minimum radius of sheave

= half-stroke of valve + radius of shaft + #in.

he breadth of the bearing surface is usually about one-
h of the diameter of the sheave.

‘'he eccentric is the part of the engine which most
juently gives trouble by heating. This is usually due to
1 of the following causes, if the workmanship is good :—
. Inefficient lubrication.

. Strap not stiff enough, causing binding of the strap on
sheave.
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3. Too great pressure per square inch on the strap.

In designing eccentrics it is necessary to bear these in
mind :(— .

1. Automatic lubrication is almost invariable in high-:
class engines.

2. The radial depth of the strap should be so great that
the bending moment on it produces a stress of not more than
half a ton per square inch in the material. This condition
will be usually fulfilled if the depth of the strap in a radial
direction is from 3 to £ of the width of the eccentric.

3. The pressure per square inch is

total Joad on eccentric rod
diameter of sheave x width'

This should not be greater than 801b. or 1001b. per square
inch,

The load on the rod is due to the friction of the slide
valve. It is usually taken as

= area of valve x steam pressure x coefficient of friction,
which latter is usually assumed as 0°1.

It will usually be found that the proportions given above
will fulfil this condition.

Valve-rod Pin.—This is the part of the engine which
usually first shows signs of wear. Unless it is made fairly
large, it wears loose in a very short time. It is often not
well lubricated. In good engines it is usually made of
crucible steel. The pressure per square inch on it (estimated
as above from the pull in the eccentric rod) should always
be below 500 b,

It will be observed that in the above rules the minimum
areas of all the bearings have been determined solely from
the pressures per square inch, the velocities of rubbing being
disregarded. Elaborate rules are often given, according to
which the product of the pressure per square inch and the
rubbing velocity should be an arbitrary constant, which
constant varies for different classes of bearings. Though
in theory this rule is reasonable enough, it is utterly
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impossible to adhere to it even approximately in practice.
The most that can be done is to keep the pressures per
square inch as low as possible when the speed is high.
Any attempt to formulate a general rule on this principle
results either in a cumbersome and useless multiplication
of symbols, coefficients, and tables, or in results which are
ridiculously at variance with practice, and often both, as
the following example (taken from an engine now working
satisfactorily) will show. The dimensions of the engine
are : Cylinder 27 in. diameter, 20 in. stroke, crank pin 7} in,
by 10in., area of valve 25} in. by 164 in., maximum revolu-
tions per minute 180. Some works on machine design give
some such rule as the following :
- . - _o paN
Minimum width of eccentric = 2 170000

where p = steam pressure,
a = area of valve,
N = revolutions per minute.

This, along with other rules derived from it, results in an
* eccentric 80 in. wide by 120 in. in diameter (!), and eccentric
bolts about 3 ft. in diameter (!!). Other rules founded on
the same theory would give the crank pin an area of about
280 square inches, or 28in. long by 10in. diameter. Such
proportions are obviously absurd in practice ; therefore it
seems necessary to be rather less ambitious, and to use
rules somewhat less theoretically perfect. The practical
rule is, briefly : Keep the pressures per square inch as low
as possible, especially for high speeds, but always below
certain maxima, which differ for different classes of journals,
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CHAPTER 1IV.
COMPOUNDING.

THE use of high pressures, which is now becoming so
common, makes it difficult to use steam to full advantage in
a single cylinder. The following are the chief reasons for
thig :—

(i.) High-pressure steam acting on a moderately large
piston requires the use of very large and heavy details in
order that the stresses and pressures, &c., may not be
excessive at certain parts of the stroke. These are ugly to
look at, unwieldy to handle, and expensive to make. Their
great weight and inertia produces excessive vibration,
thus increasing the expense of necessary foundations,
Compounding, as will be presently explained, considerably
reduces all these evils.

(ii.) The great variations in the pressure in the cylinder
which is necessary if the steam is to be adequately
expanded causes excessive inequality in the driving foroce,
thus rendering a very heavy flywheel necessary to keep the
speed constant.

(iii.) The great variation in pressure also causes a great
variation in temperature in the cylinders, causing large
waste of steam by condensation, with its accompanying evil
of collection of water in the cylinder.

For these and other reasons it has been found economical
to expand the steam in two or more cylinders successively.
These can be arranged in a great variety of different
ways. We shall here show methods of treating several
representative cases, All others may be treated in the same
manner,

In designing a compound engine, the first thing to
determine is the volume of the L.P. cylinder, for this fixes
the power of the engine. The latter is not (within certain
limits) dependent on the size of the H.P. cylinder, provided
that is large enough to contain all the high-pressure steam
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used in one stroke. In fact, the diameter of the H.P,
cylinder may vary very considerably without having much
effect on either the power or the economy of the engine.
This point will be presently discussed.

The method of determining the volume of the L.P.

cylinder is identical in principle with that already described
in Chapter 1., which it is advisable to read carefully before
commencing the following explanation : The size of the
L.P. cylinder of a compound engine is almost the same as,
but slightly greater than, would be required for a single

engine giving the same power, and using the same ratio-
of expansion. The reason for this is as follows: If a

given quantity, say 11b., of steam or any other gas expands
continuously between two given volumes, say 2 cubic
feet and 17 cubic feet, without gaining or losing heat
otherwise than by changing it into work done, then the
amount of work done (in foot-pounds) by the steam on the
pistons or other moving pieces is the same, however this
expansion may have taken place. Thus, if a volume v, of

steam could be partly expanded in one cylinder to volume:

vy, and then be transferred unaltered in volume to another
cylinder of different diameter, and further expanded to
volume v;, and 8o on for several stages till it reached the
volume 77, then the total aggregate work which would have
been done on all the pistons together would be precisely the
same as if the whole of the expansion had taken place in a
single cylinder between the same two volumes v, and v,

This can easily be proved by calculating the actual
quantity of work done in each cylinder by the method of
Chapter L, and adding them together. Thus, in this case,
work done during expansion in first cylinder— ‘

P19, loge 2 ;
1 -
work done during expansion in second cylinder—

P2 vy loge '15, &e. &e.
Vg

—————— e
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The sum of these

= p, v, loge :—: +pzv,log¢z—: + .
But, by the law of expanding steam,

PL Y1 = Pg Vg = P Vs, &o.
The total work is therefore

- %2 $loge ¥+, . ..+ ] vt
P1 Y (log« v + loge o + + loge oD,
= Vg s x, .. . x U

Py v, loge (v1 vo° v(r-1)

=p, 7 log;:'—i.

C F

G \“‘

Lo
z

2/' . .
| f PRACTICAL ENQGINEER,
Fia. 24.

This may be shown graphically by drawing a diagram
such as fig. 2. Let AB = v,, AC = p,, &. Then the
work done during the first expansion is represented by

F K H B to some scale, which may be found as in Chapter L
bp
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The work done in the second cylinder is KJ E H, and so
on. It is clear that the sum of all such areas is the same as
FMN B, which would have been the work done if all the
expansion had been performed in a single cylinder. Itis
also clear that the volume of the L.P. cylinder—s.c., AN—is
the same as the volume of the single cylinder would have
been ; also that the maximum pressure per square foot in
the single cylinder (on which, of course, the size of the
details of the engine depends) is B F, whereas in the assumed
LP. cylinder it is only EJ.

Now, the chief difference between this ideal case and the
actual method which is used in a compound engine consists

B

C K
T Vv A;:@

PRAOTICAL ENGINEER,

F1a. 25.

in the effect of the practical method of transferring the
steam from one cylinder to another, and the work done
during that transference. It is, of course, impossible in
practice to take the steam bodily, as we have assumed, and
carry it to the second cylinder unaltered in volume; we
must of necessity allow it to flow through pipes. But these
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pipes have of necessity a certain volume, and it is therefore
clearly impossible to allow the steam to directly enter the
second cylinder unchanged in volume. In order to under-
stand the relation of the ideal method to the practical,
consider two cylinders joined together, as shown in fig. 25.
Lét S be the pipe leading from the boiler, and C the admis-
gion valve. V is a valve by which communication can be
made between the two cylinders. R is a receiver or box
provided with a valve K. The use of this will be presently
explained,

Suppose both pistons are at the inner ends of their
respective cylinders.

(i.) Admit steam to the H.P. cylinder from the boiler at a
pressure of, say, 1201b. absolute till the H.P. piston has
reached E.

(ii.) Shut off steam, and allow the steam in the cylinder to
expand to the end of the stroke. Steam expands very
nearly according to the law that pressure x volume =
constant. Its pressure, therefore, at the end of the stroke is
120 x i—% = let us say, 65 lb. per square inch.

(iii) Now open valve V, and let both pistons descend in
such a way that the volume of the steam between the
pistons is unchanged till the end of the down stroke of
the small piston.

(iv.) Shut valve V, and allow the steam in the large cylinder
to expand to the end of the stroke.

(v.) Exhaust the steam in the L.P. cylinder into the con-
denser, allowing the piston to return to its original position.

Now, if this engine had been “indicated” during this
process, the cards which would have been produced (after
the H.P. card had been reduced to the same scale of volumes .
a8 the L.P. card) would be as shown in fig. 26. (i.) The work
done on the H.P. piston during admission would have been
ABHAG. (ii). The work done during H.P. expansion would
have been B C K H. (iii.) During this operation the work
done against “back pressure” by the H.P. piston would have
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been D CK G. Now, exactly this same amount of work
is at the same time done by the steam on the L.P. piston
during the process of pushing back the H.P. piston. In fact,
during the process of pushing back the H.P. piston the
steam acts in the same way as the water in a Brahmah press.
It is the medium through which the work done on the H.P.
piston is transferred to the L.P. piston. It is thus clear that
the net amount of work done by the steam on the H.P.
piston is ABCD. (iv.) During this operation the amount

Al B
(i)
bl__ 1) \©
pLEE=<Z INS
E w F
G H K N J!
Fia. 26.

of work done on the L.P. piston is CFJ K (v.). The work
done against back pressure by the L.P. piston on the return
stroke is EFJ G. Therefore, the total net amount of
work done on the L.P. piston is D C F E, where EF is a
line whose height represents the condenser or back pressure.
Such an engine as this would theoretically be an ideal
compound engine, as far as an unjacketed engine can
be. A receiver engine with cranks at right angles will be
shortly discussed. But the only practical mechanism we can
use for controlling the relative motion of the pistons is the
crank connecting-rod mechanism, which does not allow of this
ideal motion of the pistons being realised. Both pistons
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must move backwards and forwards with a distorted simple
harmonic motion. This, however, of itself would not of
necessity involve loss of power if there were no space
between the cylinders, and if the passage between them
were of ample area, because the expansion of the steam
would still be continuous. It would mean that instead of
producing two cards which fit exactly together along D C,
as in fig. 26, we should have two as shown in dotted lines
ABCLand DMFE. Now, this division of the card tends
to conceal from the reader the real continuity of the
expansion during the process of transference. This he can
see by considering the real relation of the two curves
CL DM

If we take a horizontal P Q R, cutting both curves in Q
and R, then Q and R represent the simultaneous state as to
volume and pressure of the steam in the low and high
pressure cylinders respectively. At this particular instant
P Q represents the volume of the steam in the H.P. cylinder,
PR the volume in the L.P. cylinder, and G P the common
pressure. These volumes are always such that PQ +
PR = PS. This fact shows the continuous character of
the expansion—that is to say, that the steam does not, at
any part of the stroke, suddenly expand without doing
work.*

If the indicator card, such as fig. 26, of the expansion
be considered as a whole—i.e., whole volumes horizontal,
pressures vertical—the area CMN K represents the net
work done during the transference. It is equal to the
difference between the areas DMN G and LCKG. Also
the sum of the areas ABCL and DMFE = whole area
ABFE, all of which propositions can easily be proved
analytically. '

* It needs some grasp of the principle of the conservation of emergy to
appreciate thoroughly the proposition that if steam expands continuously—
i.e., without any sudden jumps—a corresponding net amount of mechanical
work must be communicated to the moving piece whose motjon causes the
expansion. In this case it is, of course, the pistons.
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To explain the action of the intermediate pipes, imagine
that before operation (iii.) in our ideal engine, instead of
allowing the steam then in the H.P. cylinder to expand
continuously, we had opened cock K. This operation we
shall call (iL)a. The immediate result of this would have
been a fall of pressure in the H.P. cylinder, and therefore
lower pressures during operations (iii.) and (iv.). In (iii.)
there would have been no loss of work due to this cause
unless expansion had taken place simultaneously with the
process of transference, but in any case there would be less
work done during the whole of operation (iv.), because,
although the product pv might remain the same if valve V
were left open, the ratio of expansion during (iv.) would
have been lower, and therefore p v loge 7 (iv.), which repre-
sents the work done during (iv.), would be smaller than if
no expansion had taken place into R. As a matter of fact,
valve V is not left open in practice, for reasons which will
be presently explained, and therefore pv is diminished,
although » remains the same as before when V is shut
after (iii.).

Observe that we might have avoided this loss of pressure
if the initial pressure in R before K was opened had been
the same a8 the final pressure in the H.P. cylinder. Methods
of securing this condition will be presently explained. If
the pressure in R be less than this, the result will be a drop
of pressure. It is, however, supposed that a small drop of
pressure due to R is actually conducive to economy on
account of the tendency of the sudden expansion to dry the
steam, thus making it more effective in the subsequent
expansion.

It is customary to calculate the value of this loss of
pressure from the following assumption :—

Let VRPRr be the volume and initial pressure in R;
V P be the final volume and pressure in the
H.P. cylinder;
Vr Pr the resulting final volume and common
pressure ;
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then it is assumed that, according to the expansion law,
VePr=VaP: +VP;

bat since Vei=Ve+ YV,
: _VePe+ VP
therefore Py . v

If, however, the hyperbolic relation be an accurate ex-
pression of the law connecting the pressure and volume of
expanding steam doing work during expansion (which, of
course, it is not), it is clear that the same law cannot hold
for steam expanding without doing work. It is, however,
found to be near enough for ordinary purposes, and we
shall, therefore, assume it in subsequent calculations.

It is thus seen that the effect of intermediate clearance is
to diminish the effective power of the engine. Experience
has shown that the loss due to this and other causes such as
wire-drawing, &c., can be very approximately estimated as
a percentage of the total theoretical power of the engine,
which percentage varies for engines of different types. The
rule in approximate design is, therefore: Add a certain
fraction (given in column three below) to the work required
to be indicated per stroke, and calculate the volume of a
single cylinder required to give this power, the ratio of
expansion being such as to leave the final pressure about

20 1b. per square inch for non-condensing engines ;
101b. » » condensing »

The following are safe percentages to assume :—

Type of engin Perce:l b \urte'c‘lm bykzh&hbe
o] LN nomin wer req Wor!
e actually ol?&ined. multiplied.
Per cent.
Tandem with jacket............ 80 §
Tandem without jacket ........ (] $
Recelver engine— crmkl at right
a.n%lea with jacke Lot att 90 ¥
Reoeiver engine—cmn al
angles without jacket........ 80 S
e engines jac! etod ........ 7%
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These values have, of course, nothing to do with mechanical
efficiency, which must be allowed for separately.

In illustration, take the case of a tandem engine jacketed.
Boiler pressure 125 lb. per square inch absolute. Indicated
work required per stroke (not per revolution) 2,500 foot-
pounds. Here the nominal work per stroke must be ’

{ x 2500 = 3126,
Hence we have for volume (v) of L.P. cylinder
3126 = 1440 x v (1 + loge 12) — 576 x v,

whence v = 8125
1440 x 34856 — 576

= 3126
5030 - 576
3125

T 44b4
v = 07 cubic foot, nearly.

Having thus made a provisional determination of the total
ratio of expansion and the volume of the L.P. cylinder, we
can determine, as before, its diameter and stroke. Suppose
the stroke is to be 10in., the volume being 0'7 cubic feet =
1,210 cubic inches ; the area of piston must be 121 square
inches, which is almost the area of a 12} in. circle (see Zhe
Practical Engineer Pocket-book, page 29). We now proceed
to determine provisionally the diameter of the H.P. cylinder.

It has heen already pointed out that this diameter may
vary very considerably without having a great effect on
either the economy of or the total power developed by the
engine. Mechanical considerations, however, such as the
desirability of uniformity of pressures and constancy of
twisting moments, dictate that, as far as possible, the power
developed in the two cylinders should be the same ; also,
since great variations of pressures, and therefore of tempera-
ture, in any one cylinder cause great loss by condensation,
it is evidently desirable that the maximum difference of
temperatures—i.e., those of the boiler steam and the exhaust—
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should be equally divided between the two cylinders. These
two considerations should finally determine the diameter of
the H.P. cylinder.

We can at once find the volume of fresh steam which is to
be admitted to the H.P. cylinder every stroke. This is

volume of ]arga cylinder _ 1210
ratlo ol expansion 12

= 101 cubic inches,

as will be shortly explained. Thus, when we have found
the volume of the H.P. cylinder, we can at once determine
the point of cut-off in it.

If we draw a diagram such as fig. 26, and divide it by a
horizontal line CD in such a way that it is approximately
divided into two equal parts, then the two diagrams thus
produced would be the indicator cards from the two
cylinders if they were of the ideal description explained
in connection with fig. 25, and the length of the line
CD would, of course, give the required volume of the
H.P. cylinder. We can, however, find the volume on this
assumption much more easily by calculation.

Let » be the ratio of expansion in the H.P. cylinder. The
volume of this cylinder is then 101 x » cubic inches. The

3125

area of H.P. indicator card must represent~2‘fmt-pounds

of work = 18,744 inch-pounds.
This area is also represented by
pva (1 + loge r)— pv va (see Chapter 1.),

where  ,, _ initial absolute pressure = 120 list;‘ ;
ve = admission volume = 101 cubic inches ; '
pb = back pressure ;
vn = volume of H.P. cylinder ;

hence '

18744 = 120 x 101 (1 + loge ) — pb va.
But, by the properties of an hyperbola,
o v = pra = 120 x 101 inch-pounds ;
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hence
18744 = 120 x 101 log. r;
therefore
_ 1814 _ L.,
loge 7 = Jo0 x 101 = P4

therefore r = 475 (see The Practical Engineer Pocket-book,

page 106).
vh = 4756 x 101 = 476 cubic inches,
which gives a ratio of volumes of the two cylinders of

1210
476

The corresponding range of temperatures would be
HLP. 341 deg. to 240 deg. = 101 deg.,
L.P. 240 deg. to 162 deg. = 78 deg.

(See The Practical Engineer Pocket-book, page 107.)
In practice, if we had a ratio such as this, the back pressure

= 2'6b.

. . 120 .
in the H.P. cylinder would be much less 1;han;?g = 25°5,

which is the value here assumed for it. The result would
be that much more work would be indicated in the H.P.
than in the L.P. cylinder.

Now, if we make equality of temperature range the basis
of our calculation, we shall proceed as follows, taking the
values from the table above referred to :—

Total range of temperature 341 deg. to 162 deg. = 179 deg.,
half range = 90 deg.
Therefore range in H.P. cylinder 341 deg. to 2561 deg. —

corresponding to absolute pressures 120 to 30 1%';-

120
‘30

Volume of H.P. cylinder 101 x 4 = 404 cubic inches.

Ratio of cylinder volumes = 21_0_ = 3, about.

Ratio of expansion in H.P. cylinder = =" = 4.
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Both these calculations are based on the assumption that
there are no intermediate pipes. But owing to ignorance of
the effect of intermediate clearance, which we cannot
estimate at this stage of the calculations, we are obliged in
practice to rely on previous experience for a provisional
determination of the H.P. cylinder diameter. It is found
that in practice the best cylinder ratio varies with the
pressure. The reason for this may be easily seen by working
out two cases,,one for, say, 120 lb,, and the other for, say,
901b. per square inch, either graphically or in the manner
explained above.

The following process will show approximately the best
cylinder ratio for any pressure. Take a line A B, fig. 27,
16 in. long, and B C, at right angles, 5 in. long. Join A C.
Let A B represent absolute pressures to a scale of 1in, =

C
E “I—
S
A o J
:f (.as'P:n sq.arlca‘ T 125 JB
fe— 15 »
| |
Fi1a. 27,

101b. per square inch. Then A C is the curve of cylinder
ratios. For instance, suppose boiler pressure, as above, =
1101b. above atmosphere = 125 1b. per square inch absolute.
At 125 on A B erect the ordinate D E. Then the length of
DE in inches gives approximately the cylinder volume
ratio for that pressure. In this case it is 3'7. Hence the
ratio of diameters /37 = 192, gince the stroke is the same
in each cylinder, whence the diameter of the H.P. cylinder is
%%g = 65, about.
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Hence we have the provisional size of the engine, 64 in. and
124 in. by 10 in,, with a cut-off in the H.P. cylinder of %7 or
about } stroke. These values, however, are only provisional,
and must be tried over by means of a more accurate
diagram.

Before this latter can be understood we must examine
more closely the action of the intermediate pipes and
receiver. . .

Returning to the diagrammatic engine of fig. 25, and its
indicator cards in fig. 26, we see that there is no intermediate’

STEAM

EXHAUST.

Fiu. 28.

clearance, and that the intermediate valve is left open till
the end of the down stroke of the H.P. piston, after which
the expansion goes on in the L.P. cylinder. But in a
tandem engine both pistons are rigidly connected together,
and the H.P. piston reaches the end of its stroke at the
same time as the L P. piston does.



COMPOUNDING. 61

" Consider fig. 28, which is a diagrammatic representation
of a tandem compound engine. The valves and connections
are clearly shown in the figure, and need not be further
explained. The pipes are supposed to have no appreciable
volume, and the engine is to work so slowly that no
appreciable wire-drawing takes place. Suppose both pistons
after an upstroke of the engine are in their highest positions ;
A is filled with partly expanded and C with completely
expanded steam, K and L being shut.

(i.) Down Stroke.—Open valve S for one-third of the
stroke, say, and E and F for the whole stroke. The result
is that the spent steam in C goses to the condenser, and the
steam in A expands into D. The pistons are thus forced
down by the joint action of the live steam in B, and the
excess of the total pressure on the large L.P. piston over
that on the small H.P. piston, the pressure per square inch
being the same on both pistons. . During the whole of the
down stroke there is a continuous fall of pressure in A
and D.

(ii.) Return Stroke.—Close E and F, and open T for one-
third stroke ; open G and H for the whole stroke. The up-
stroke is then precisely similar to the previous down stroke,
and at the end of this stroke the engine is precisely in the
assumed initial condition. The indicator cards that would
have been produced in this process are as shown in fig. 29,
where the H.P. card is, as before, reduced to the same scale of
volumes as the L.P. card. It must be noticed that the H P.
card is taken during operation (i.) from the side B of the
H.P. piston, while the L.P. card is taken during operation
(ii.) from the side C of the L.P. piston. This should never
be forgotten in combining indicator cards from a tandem
engine. The line EF is produced at the same time as the
line CD. The actual shape of the L.P. card, as taken from
the engine, would be E'D HG, and EF G D is produced by
“reflecting ” the dotted curve.

Now, mechanically speaking, such a method of working
the engine as this would do very well, as it provides
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perfectly for the continuous expansion of the steam, and
therefore, neglecting condensation and other practical effects,
we get as much work out of the steam per stroke as we
could with any compound engine ; but it must be noticed
that in the H.P. cylinder the range of pressures is from O A
to O D, with a correspondingly large range of temperatures.
We should therefore in this engine lose one of the principal
thermal advantages of a compound over a simple engine,
viz,, reduction of temperature range. Again, if the con-
necting passages are to be of no appreciable volume compared

A B

D
H
(o)
Fia. 29.

to the cylinder, they must be of very small diameter, which
means that the engine will work very slowly, and therefore
the weight (and, in consequence, the cost) of the engine per
horse power developed will be very high. Now, in order to
remedy these defects, we must—(i.) prevent the pressure in
the H.P. cylinder from falling so far; (ii.) put in larger
pipes, which means practically the introduction of an
intermediate receiver between the cylinders. We will
therefore consider the effect of introducing an intermediate
receiver R (fig. 28). The valves in a compound engine are
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almost always so arranged that a single intermediate pipe

supplies both ends of the L.P. cylinder, and therefore we

use one receiver R connected to both our diagrammatic
es. -

It has been shown that the effect of opening connection
from the H.P. cylinder to the receiver is to produce an
immediate drop of pressure. A construction will now be
explained for finding the amount of this drop, on the
assumption stated in the last article. Suppose the co-
ordinates of P—viz, A B, B P, fig. 30—represent, as usual,
the volume and pressure of steam in the H.P. cylinder

/’ 7
A
E G// H P
M K
- /
/
/
D//
P F
C A B

Fic, 80.

when the valve is opened. Set off AC to represent the
calculated volume of the receiver—which in the case of
a tandem compound = volume of exhaust passages of
H.P. cylinder + volume of pipe + volume of L.P. valve
chest ~ volume of L.P. valves—and C D to represent its
pressure, which we shall at present assume known. Draw
PE, DF horizontal, join A E, and draw F G vertical,
Then H G represents what the volume of steam in the
receiver would be if it were compressed along the hyperbola
DG to the same pressure as that in the H.P. cylinder,
If, then, the volume G P (which is the total volume of the
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steam in the H.P. cylinder and receiver at pressure B P)
be expanded to volume EP hyperbolically, the resulting
pressure will be the final pressure in the receiver; there-
fore, join EB, cutting FG in K. "M then is a "point
on the hyperbola M G, which has CB, BP as asymptotes.
GK or PL then represents the required fall of pressure.
This construction will be used in the diagram to be shortly
explained. 1t is clear that, by keeping CD as great as
possible, we shall diminish this drop, and the method
for doing this, and therefore for diminishing the range
of temperatures in the H.P. cylinder, is to prevent the L.P.
cylinder from drawing off such a large volume of steam
every stroke from the receiver—i.e,, cut off early in the
L.P. cylinder. Observe that this does not alter the wesight
of steam drawn off by the L.P. cylinder. Any steam that
enters the H.P. cylinder must of mecessity pass the L.P.
cylinder, because it cannot get away by any other passage.
For assume that the engine is working uniformly—i.e.,
every stroke is precisely similar to the previous one.
Suppose that, if possible, say 025 lb. of steam leaves the
H.P. every stroke, while only 021b. enters the L.P. during
the same period. The result of every stroke is, therefore,
that 0'051b. of steam is added to the quantity already
in the receiver. The receiver pressure must therefore
continually increase, which is contrary to our assumption
that each stroke is similar to the last. In practice it
is obvious that such an increase of the receiver pressure
would really mean that the L.P. cylinder would draw off
a greater weight of steam from the receiver as the
pressure increased, though the volume remained the same,
We have here, therefore, all the elements of an automatic
pressure-governing arrangement—i.c., the mean receiver
pressure will continually increase till the L.P. cylinder,
with a fixed cut-off, draws off exactly as much steam
each stroke as the H.P. cylinder puts into it, which
is, of course, by similar reasoning, exactly the quantity
which the H.P. cylinder receives at each stroke from the
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boiler, neglecting the effect of condensation. Hence we see
that the effect of an earlier cut-off in the L.P. cylinder is not
to alter either the total theoretical power of the engine or
the quantity of steam that it takes (for this is simply
dependent on the boiler pressure and the cut-off in the H.P.
cylinder), but merely to effect a re-distribution of the power
developed in the respective cylinders. A late cut-off in the
L.P.‘cylinder causes a low receiver pressure and the develop-
ment of a relatively large power in the H.P. cylinder,
because it diminishes the back pressure in that cylinder ;
and an early cut-off in the L.P. cylinder causes a high
receiver pressure, and (strange though it may seem) an
increase in the power developed in the L.P. cylinder itself.
This may easily be seen by considering the change in the
value of the expression pv (1 + loge 7), a8 p increases while
pv is constant (since the weight of steam per stroke is
unchanged). It is evident that » must increase, because the
ratio of initial to final pressure increases, and therefore the
value of the whole expression increases. For this reason
the L.P. cylinder should be provided with a variable cut-off
gear, to allow the pressure in the receiver, and in con-
sequence the drop of pressure between the cylinders, to be
adjusted. The working of the engine is still further com-
plicated by the existence of clearance in the cylinders
themselves, and the effect of this clearance is by no means
to be neglected. It may be taken into account by remem-
bering that when steam expands in any space the whole
of that space must be taken into account. A convenient
construction allowing for all clearances will be shortly
explained.

Neglecting cylinder clearance for the present, the working
of our diagrammatic engine under the new conditions
would be as follows :—

(i.) Open S for one-third of the down stroke, then
close it till end of stroke.
(ii.) Open K, producing a drop of pressure in A.
6D
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(iii.) Open E for, say, two-ﬁfths of the stroke.
(iv.) Then close it.
(v.) Open F for the whole stroke.
The result of (iv.) is that the steam then in A and R is
compressed in the receiver, and in the diminishing volume
A by the advancing H.P. piston, in such a way that the

. ALY B

l__VOLUME OF
RECEIVER

L

Fia. 31

common pressure in A and R at any instant x the total
volume at the same instant is constant.

Perform the same series of operations with the corres-
ponding valves for the return stroke.

The cards that would be produced by these processes are
shown in fig. 31. The dotted lines show the hyperbolas of
which the lines in the cards are part.

FHand D E are described at the same time, and E F is
part of an hyperbola, with LM, L, N as asymptotes.
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CHAPTER V.
CoMPOUND DIAGRAMS.

WE now proceed to draw a set of indicator diagrams for
our proposed tandem compound engine, which, according to
the assumptions previously noted, will be an accurate one,
and which do, in fact, represent with fair accuracy the
actual diagrams which the engine may be expected to pro-
duce, allowance having been made for a moderate amount of
wire-drawing. '

Before doing this, however, we must draw in the cylinders
in outline, s0 as to be able to determine the volumes of
the various parts constituting the clearances. It is very
undesirable to draw in more of the design at this stage than
is necessary for the object in view, because the sizes may
have to be modified according to the information derived
from the diagram. The necessary areas of the steam and
exhaust ports have been already found. Care must be taken
especially that the area of the exhaust is not in any way
constricted. Insufficient area of exhaust is a very bad fault
in an engine, and it is one which is very liable to occur,
because the exhaust port of an engine is of a peculiar shape,
and the ordinary three sections which are usually given in
a working drawing are apt to mislead the unwary draughts-
man into the belief that the area is unrestricted, when, in
fact, it is not so. The core boxes for the ports are often so
made that plates between the steam and exhaust ports are
curved, following the curve of the cylinder, fig. 32. The
shape of these plates is often not shown on a working
drawing, and the pattern-maker is left to make them what
shape he pleases. If he decides to make them cylindrical in
section, it may happen that the plate projects over part of
the area of the exhaust pipe where it joins the valve chest,
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thus constricting the exhaust.* In a case which recently
came under the author’s notice, the exhaust area in a large
engine was constricted at this part to the extent of nearly
25 per cent, as.shown in fig. 32, at E. In some cases also the
valve is made so shallow that there is insufficient area over
the top of the bar, as at CD. In some cases also the valve
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face is so near the cylinder that the escaping steam from
one-half of the exhaust port is throttled on its way to the
exhaust pipe.

The distance piece between the cylinders should be
great enough to allow plenty of room for the stuffing
boxes to be packed. When this distance has been deter-
mined, we can find the necessary length of connecting pipe.
The calculation for its sectional area is complicated by the
fact that in the pipe expansion and flow of steam are going
on simultaneously. If we calculate the section of the pipe
considered as the exhaust pipe of the H.P. cylinder, the

*Care must be taken that the plates are of such a shape that there are no
triangular lumps of metal at the points where the plates between the steam and
exhaust ports join the cylinder, as will be the case if the angle of junction is
very oblique. This is a fruitful cause of spongy castings. The sponginess occurs
at a place where it is difficult to detect it, and may produce a tremendous waste
of steam, the cause of which may afterwards be very obscure to anyone who has
not seen the design. For this reason the plates should join the cylinder as
directly as possible. The edge of the exhaust core will then be substantial, and
not likely to be broken off by the flow of metal during casting.
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result will, of course, be quite different from that derived
from the assumption that it is the steam pipe of the L.P.
cylinder. It is clear that neither of these is the correct
assumption, because the pressure of steam during admission
to the L.P. cylinder is not maintained)constant by the
supply it receives from the pipe, but is continually falling
during that period. The steam already in the L.P. cylinder
is expanding, as well as that in the H.P. cylinder and pipe,
and, therefore, the volume of steam supplied per second by
the pipe is not so great as the volume swept out per second
by the L.P. piston. In addition, steam is being§driven into
the pipe by the advancing H.P. piston. The velocity of
steam in the pipe will be greatest at the]point where it
joins the L.P. valve chest, because here the integral effect of
the steam displaced by the H.P. piston and the expansion
in the H.P. cylinder and pipe is felt. The exact point of the
stroke at which the velocity of the incoming steam is a
maximum can only be determined for each particular case
by the use of the differential calculus. In several cases
calculated by the author, the result was nearly three-eighths
of the stroke. In any case it cannot be far from this point.
At this point of the stroke, and at this section of the pipe,
the velocity must not be greater in ordinary cases than
80ft. per second. In high-speed engines anything less than
110 ft. per second gives an abnormally large pipe. The
method of calculating the actual velocity at this point may
be best understood by imagining that the cylinders and
cylinder clearances are replaced by equal volumes of pipe,
whose diameter is the same as that of the connecting pipe.
In the pipes representing the cylinder volumes, pistons are
to be imagined working whose volumetric velocities (t.e.,
volume displaced per second) are the same as the correspond-
ing volumetric velocities of the respective pistons,and which
enclose between them the same quantity of steam as the
actual pistons at three-eighths stroke. It is clear that the
velocity produced in the connecting pipe in this case will
be the same a8 in the actual case. It is also easy to see that
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if the expansion goes on uniformly throughout the whole
volume enclosed, so that at any instant the pressure is the
same throughout the whole volume, the volumetric velocity
of a diaphragm which divides this volume into two parts
at the section corresponding to that described above, will be
found by the following construction : Set off A B, fig. 33, to

E
F
D
A C B
Fia. 83.

represent the whole volume between the pistons at three-
eighths stroke—i.c. (five-eighths volume of H.P. cylinder +
exhaust passage of ditto + volume of connecting pipe,
which must be approximately estimated) + (volume of valve
chest of L.P. cylinder + three-eighths volume of L.P. cylinder).
Make A C equal to the first bracket, and C B equal to the
second. Set up AD = volumetric velocity of H.P. piston

in 8
- in % (i.e., volume of H.P. cylinder x strokes per second),

and B E = that of the L.P. cylinder. Join D E, and set
up CF vertical. The length of CF gives the volumetric
velocity required. Divide this by 960 in. per second, and
we obtain the area required in square inches, which, when
multiplied by the length already found, gives the volume of
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the pipe. To find the volume of the H.P. exhaust port, the
following method is useful, and, if worked with a planimeter,
is very rapid, and may be worked to any desired degree of
accuracy. The theory of this construction is fully explained
in the author’s work on a “Graphical Treatment of the
Differential and Integral Calculus.”

Make a scale drawing of the port, fig. 34, and take a
number of sections across it, as shown in figure, and deter-
mine the sectional area of the port at each of these sections.

y
A 7\
TR

Set up these areas to scale on a convenient base A B, at
corresponding points. Thus the area of the section across
CD is shown shaded in the end elevation. Suppose this to
be 22'3 square inches. Set up E T to represent 22'3 on any
convenient scale, and do the same for all the other sections.
Draw a curve AG H B through all the points so obtained,
The area of this curve will be the required volume of the
exhaust port. The scale to which the area represents the
volume may be found by considering what a square of 1in.
side would represent on the diagram. Suppose the drawing
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of the port is on a scale of 3in. = 1ft.—t.e,, 1 in. represents
4 in.—and the scale of the ordinates is 1in. = 10in.2, then
the square inch of the area represents 4in. x 10in.2= 40in.?
of volume. If the area of the curve is, say, 8'23 square
inches, then the required volume is 823 x 40 = 329'2 cubic
inches. We can thus obtain accurately the intermediate
volume, and we have now all we require to draw the
diagram. i

We shall first show how to draw diagram so as nominally
to avoid any drop between the cylinders (though a small
drop is usually caused by condensation and other effects, of
which we cannot well take count); but it may be stated that
it is generally impossible to secure this result unless some
form of cut-off gear is fitted to the L.P. cylinder. This is
not usually done, as it increases the first cost of the engine ;
but it adds considerably to the economy when it is done.
Suppose we have a boiler pressure of 95 1b. per square inch,
and have provisionally determined the cylinders to be 10
and 18 by 12. These may have to be subsequently modified
if the diagram is not satisfactory, either because—(1) the
total power is not correct; (2) the total power is not
correctly divided between the cylinders.

(1) We can alter the ¢otal power either by—(i.) altering
the cut-off in the H.P. cylinder, by which means we alter
the pressures throughout the stroke; (ii.) altering the
diameter of the L.P. cylinder.

(2) Now, we may also alter the proportion of the total
power developed in the two cylinders in two ways : (i.) By
altering the cut-off in the L.P. cylinder; (ii.) by altering
the diameter of the H.P. cylinder.

Now, by varying (2) (i.) we vary the drop between the
cylinders, and if it is correctly adjusted we can do away
with the drop altogether. Hence the best thing to do is to
adjust the total power by means of (1) (ii.), using (1) (i.) as a
fine adjustment, and the relative power by means of (2) (ii.),
and the drop by means of (2) (i.).
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In case, however, we are limited to one valve in the L.P.
cylinder, where an earlier cut-off than can be obtained with
a single valve would be desirable, we must cut off as early
a8 possible, and do the best we can under the circum-
stances. It will be subsequently shown how to modify
the diagram to meet this case. It will generally be found
that a smaller H.P. cylinder is necessary where no cut-off
valve is used on the L.P. cylinder, in order that the power
developed in the H.P. cylinder may not be excessive, It is
impossible in practice to cut off before half-stroke when only
a single valve is used ; indeed, it is necessary to increase the
stroke of the valve and the lap very considerably even for
this cut-off, if we are to get full area for steam and avoid
excessive lead, which latter makes the engine very difficult
to start, and is apt to cause bad “knocking” by producing
reversal of stress too early, with disastrous effect on the
connecting-rod brasses.* Such an early cut-off is out of the
question in many cases, owing to the small size of the valve
chest, which limits the possible throw of the valve.

The following are the particulars of the engine for which
we shall draw the diagram : Cylinders, 10 and 18 x 12;
condensing ; volumes of cylinders—H.P., 943 cubic inches,
L.P., 3,050 cubic inches ; boiler pressure, 901b. above atmo-
sphere ; clearances—H.P., 6 per cent = 566 ; L.P., 8 per cent
= 244,

Volume of H.P. exhaust port... = 198 cubic inches.

Connecting pipe .........ccceeee. = 460 "
L.P. valve chest (less volume
of valve) cc..cevvniiirnnniinnnne. = 392 »
Total inter. clearance ...... 1,050 »”

Let expansion be carried to 10 1b. per square inch absolute
(t.e, total ratio of expansion equal 10), allowing for a drop .

*The author knows one engine where this effect is very pronounced. The
brasses are a constant source of trouble, and have a very short life.
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of 61b. between boiler and engine. Then initial volume of
steam in H.P. cylinder

_ 10 _ eg-

= oo X 32 = 3294,
since, as already shown, the same weight of steam enters
the H.P. cylinder every stroke as is discharged from the
L.P. cylinder.

In this is included H.P. clearance = 56'6. Hence, cut-off

in H.P cylinder

_ 3294 - 566 _ 2128

543 o5 = s stroke, about.

For convenience of reference, and to fix our ideas, suppose
the engine vertical.

We must first have a means of determining at once the
total volume contained at any part of the stroke between
the H.P. and L.P. pistons. The easiest way to do this is as
follows : —

Set oft A B, fig. 35, equal to the intermediate clearance, as
above defined.

A C = H.P. clearance.

BD = L.P. clearance. )

CE = working volume of H.P. cylinder.
D F = working volume of L.P. cylinder.

Describe the square E C G H, and complete the construc-
tion shown in figure EF J K H. From this figure we can at
once find the intermediate volume at any point of either
stroke—say at two-fifths of the down stroke, thus: Make
C L = two-fifths CE. Draw LM vertical to cut one or
other diagonal in M ; then N P represents the required
volume. Similarly, the volume at three-fifths of the up-
stroke is represented by Q R. Only common sense is
required in selecting the proper points from which to
measure, Take a convenient base line O O to represent
absolute zero of pressure on a convenient scale, and set up
O a to represent 147 lb. per square inch on this scale.
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Draw « o« the atmospheric line. Set up ST to represent
absolute initial pressure in H.P. cylinder—t.c., 5 per cent
below boiler pressure = in this case about 100 1b. per square
inch. Set off T U = admission volume in the H.P. cylinder
= 272'8 cubic inches. U then represents the point of cut-off.
Draw the hyperbola U W with VO, V A as asymptotes.
The line T U W represents the top line of the HP. card.
The pressure at W will then be

329 .

do0s * 100 = 329,

At the point W connection is supposed to be opened to the
receiver, but as this is, by assumption, to cause no drop, it is
clear that the pressure of the steam left in the receiver after
the previous stroke must be the same as the pressure at W,
The initial pressure in the L.P. cylinder will then be the
same as at W, agsuming that the exhaust in the L.P. cylinder
has been cushioned at the proper point on the previous
stroke. Transfer then the pressure W to X, as shown. Now,
during the first part of the return stroke the product of
pressure and volume of the steam in the receiver must be
constant. At first the volume is O %, and the pressure % X,
Hence, if we draw an hyperbola (dotted) through X,* with
00, OE as asymptotes, this line will show the corres-
ponding values of pressure and volume, the volume at any
point of the stroke being taken from the figure at the top
of the diagram, and the corresponding pressure being found
by setting off the volume along O O, as at O m (which =
N P), and finding the corresponding pressure, mn. Ip are
then points on the curves. A number of these points may
be determined, and the curves Wd, XZ drawn through
them. If the paper is big enough, we may get these curves
more directly ; for, since the curve X Z is such that any
ordinate such a8 ¢I x N P is constant, and since N P is
proportional to r P, it follows that » P x ¢ I = constant;

*This line is not, of course, the admission line for the L.P. cylinder, but merely
a curve for reference.
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whence the curve X Z is an hyperbola, with ¢, » O as
asymptotes where the line ¢ is obtained in the manner
shown in the diagram. The hyperbola W d may also be
drawn with the same asymptotes, since » N is proportional
to NP, or Wd may be projected from the other curve.
Now comes the question where this part of the curve must
be stopped—that is to say, where cut-off takes place in the
L.P. cylinder. This we shall decide by considering the state
in which the steam in the receiver is to be left in readiness
for the next stroke. The pressure at which it must be left
is clearly the pressure of W. After the L.P. steam port
has closed, the advance of the H.P. piston compresses the
remaining steam into the receiver, and therefore, since &
must be & point on the compression curve, it is clear that the
remaining portion of the H.P. card must be an hyperbola
through b, with e B, ¢ O as asymptotes, cutting the other
curve in d. Hence d Z are the corresponding points at which
the L.P. valve must cut off steam.,

The L.P. card can now be completed by drawing through
Z the hyperbola Zf, with ¢ B, ¢ O as asymptotes, and
drawing the back-pressure line horizontal.

This construction shows both cards as entirely made up
of hyperbolas, as follows :—

Portion of card. Asymptotes.
TU 0 O and line at infinity.
uw 00 and VA.
wd 0O and tr.
av 00 and ¢B.
Xz 0O and tr.
zs 0O and ¢B.
gs O O and line at infinity.

The cards may be very rapidly drawn if this is borne in
mind.
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Next find the area of each of these curves.

(1) Add them together, and compare with the power
required. For safety, this sum should be at least 10 per
cent in excess of the requisite power, after allowing for
mechanical efficiency.

(2) If there is any considerable difference in the areas,
proceed as before explained to alter the volume of the H.P.
cylinder.

The approximate amount of alteration can be estimated
by drawing a few continuations of these diagrams, as shown.
The figure shows how to do this in the case when the H.P.
card is too small.* The curves must be modified in this way
till they are approximately equal. The volume x « of the
H.P. cylinder can then easily be found by measurement, and
its diameter calculated.

From the diagram, fig. 35, given on page 75, it is easy to
see what effect the size of the intermediate receiver has on
the indicator cards. If we increase the length of A B, we
clearly (i) cause the hyperbola db to rise less rapidly
towards the right, or, in other words, to fall less rapidly
towards the left. This tends to move the point d, and
therefore also the point Z, towards the left, which tends to
make the cut-off earlier in the L.P. cylinder ; (ii.) on the
other hand, we cause the line ¢ to move towards the left,
thereby causing W d to fall less rapidly towards the right,
which has an opposite effect on the point Z. Of these two
contrary variations, (i) will be found, and may easily be
proved, to have the greater effect. The net result is, therefore,
that the larger the receiver the earlier will be the cut-off, and
vice versa. When the receiver is very large, the L.P. cut-off
will be nearly the ratio of the cylinders, and when there is
no receiver cut-off occurs at the end of the L.P. stroke. The

*The whole of the actual construction is not shown in fig. 85, for want of space,
and to avoid confusion of the figure. Another complete rectangle would have to
be drawn, and other diagonals of the L.P. rectangle, which would throw the
dotted vertical line further to the left. Enough is, however, given to show the
method of procedure,
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effect of increasing the receiver is also to diminish the range
of pressures in the receiver, which secures a thermal
advantage. When the receiver is inﬁnitely large, there is no
variation of pressure in it, and the cards are then precisely
the same as in the case of the ideal engine first described, pp.
50—b62, fig. 26, the back pressure in the H.P. cylinder and the
admission pressure in the L.P. cylinder being constant and
equal. Now, as we are usually, in a tandem engine, limited
to a single ordinary slide valve, it becomes necessary to find
the earliest practicable cut-off in the L.P. cylinder. This is
usually somewhere between 3 and § stroke. We have then
to determine the suitable volume of receiver. If the engine
is not a quick-running one, it is sometimes possible to make
the receiver of the size found by this construction, but if
the engine is a high-speed one, it is usually impossible to
get it small enough, owing to the large size of the connecting
pipe and passages. Care must be taken in designing the
L.P. valve chest that the steam has free access from the
connecting pipe to the remote port of the valve face. One
frequently meets with designs in which the L.P. valve
either partly closes up the admission pipe at one end of its
stroke, or so fills up the valve chest that there is not
sufficient area between the valve and valve-chest cover for
the steam to get free access to the port remote from the
steam pipe. Sometimes both of these faults exist in the
same engine. In many cases it is necessary that the
admission pipe should join the valve chest in an ellipse—t.c.,
merge from a circle at the flange into an ellipse, in order
not to be partly covered by the valve. Assume any arbitrary
distance for A B (on which we shall have to find the actual
position of B), and make the same construction as before as
far as the point W in the H.P. card.

When the earliest practical cut-off in the L.P. cylinder has
been found and marked off by a vertical line on the assumed
L.P. card, the final pressure in the L.P. cylinder must be
calculated, and the point/ must be marked off to correspond,
and the hyperbola Z / drawn backwards to cut this vertical.
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This gives the pressure at cut-off Find the corresponding
point d on the H.P. card by the intersection of a horizontal
through Z and the vertical which marks the position of the
H.P. piston, when the L.P. piston is at Z. We have then two
points, W and d, on an hyperbola, and one of its asymptotes,
0 O, given, and are required to find the other asymptote, ¢ .
Make a horizontal rectangle with W d, at two of its corners.
The point where the line joining its other two corners cuts
O O will be on the other asymptote ¢, which can then be
drawn and the point where it cuts G E found. Through
this point draw a line parallel to the diagonal D J of the L.P,
rectangle. The actual position of the point D on the line
A B is thus found, from which we have the volume A B of
the intermediate clearance required to correspond with the
given cut-off in the L.P. cylinder. As has been already said,
this will usually result in a clearance smaller than can be
obtained with a quick-running engine of the ordinary type.
If 8o, keep the clearance as small as possible, and find the
line ¢7. Draw the hyperbola Z X backwards, and the
difference in height between the point where the hyperbola
UW cuts OE and X will give the drop in pressure much
more simply than it can be obtained by the long row of
simultaneous equations usually given for this purpose.
The curve d b can also be drawn as before, showing the
receiver pressure just before H.P. release.

The point of compression in the L.P. cylmder can be
found (so as to leave the steam on the L.P. clearance at the
beginning of the stroke at the same preasure as that in the
receiver) by drawing an hyperbola through X, with
agymptotes ¢ B, ¢ O, to cut the back-pressure line. Thus
the inside lap of the L.P. valve can be determined from the
elliptical diagram already drawn. But it must be observed
that a great amount of compression makes the engine very
difficult to start, and if the engine is a la,rge one, and has to
be frequently stopped, this is a very serious drawback unless
some special form of starting gear is supplied in addition.
It is better, therefore, not to compress quite so early as this
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unless the engine is small and the pressure and the speed
both high, in which case starting is usually a very easy
matter, though the engine has always to be “ barred round”’
into a starting position—t.c., well over dead centres.

COranks Opposite.—The principle of the above diagram is
eagily applied to the case of cranks opposite, which is a
favourite form for high-speed engines which have to be
carefully balanced. The reason for this will be discussed
in a future chapter. There is this difference between a
tandem-engine diagram and that of an engine with cranks
opposite, that in the latter the lines DJ, FK are not
straight, owing to the effect of obliquity, but must be found
by the following construction. Also the steam from the top
of the H.P. cylinder expands into the top of the L.P., and
that from the bottom of the H.P. into the bottom of the L.P.

The lines D J, F K are obtained as follows: Draw two
concentric circles, fig. 36, whose diameters are, if possible,
equal to, but in any case some simple sub-multiple of the

NG

Fic. 36.

lines EC, DF. Let these represent, to different scales, the
paths of the respective crank pins. Take the lengths of
the corresponding connecting rods H P,, L Q, respectively
to the same scales as their crank circles are drawn. Take a
number of corresponding positions (such as H L) of the two
pins, and by a construction similar to that explained in
Chapter 1L find the positions of the pistons in the cylinders,
7o
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Then it is clear that the lengths A P, C Q give the volumes
of the steam in the respective cylinders. "To find the points
on the diagram corresponding to the positions shown on
fig. 37, take a point N, fig. 37, on the straight diagonal C H,
such that N M =A P, fig. 36, the rest of the construction being
precisely as in fig. 35. Make IR=CQ. Then R is a point
on the curve FK, and the length N R will, as before,

E CA B D F
N .
H G K J
Fia. 37.

represent the volume between the pistons at this particular
point of the stroke. Other points may be found in the
same way, and the curves DJ, F K drawn through them.
Care must be taken that the corresponding volumes con-
sidered are the volume behind the H.P. piston (t.c., on the
exhaust side of), and in front (i.c.,, on the admission side) of
the L.P. Take one pair of diagonals EG, DJ for the
downstroke, and the other pair for the upstroke.

It is clear that the curves W d, X Z, of fig. 35, will not now
be hyperbolas, but points on them must be found by
calculation, as follows: At the moment of release the
volume is represented by E D, fig. 35, and the pressure by
OW. Now, the curve W d must be such that, at any point
pon it, the volume N P x the pressure m 2 is equal to the
product of ED and O W. It will easily be seen that it is
unnecessary to trouble about the scale of volumes and
pressures to get this curve. Measure ED, O W in inches,
and multiply the lengths together on the slide rule, and
divide by the length of N P. This gives the actual height
on the diagram of the points p and I above O O ; other points
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on the curve can be gimilarly calculated, and the whole curve
drawn. The line d b is, of course, drawn as before.

Oranks at Right Angles. —Exactly similar principles -

govern the drawing of diagrams for cranks at right angles,
but this diagram is somewhat confusing, owing to the
peculiar relative motion of the pistons. This motion must
be found by a construction similar to that of fig. 36. Suppose
that, as usual, the H.P. crank leads. Draw two straight
diagonals, as before, across the H.P. rectangle, and find by
construction, as at fig. 39, the positions of the L.P. piston
corresponding to several points on these diagonals. Plot
the volumes off, as before, in the L.P. rectangle, taking great
care that the L.P. volume so represented is the volume of
steam driving the L.P. piston corresponding to the assumed
position of the H.P. piston. Thus on the upstroke of both
pistons (the H.P., of course, leading), at the point L, the
exhaust volume in the H.P. cylinder is M N, and the volume
of the steam driving the piston in the L.P. cylinder is Q P.
This is the point corresponding to the positions shown at
fig. 39. The curves of position of the L.P. piston will then
be distorted elliptical figures, as shown in the diagram.
When these have been drawn and labelled upstroke or
downstroke, as the case may be, draw the H.P. admission
and expansion curves. Consider the downstroke of the
H.P. piston. At the end of this stroke at W the L.P. piston
is about half way on its downstroke at R, and is not in a
position to receive steam. Connection is opened from the
top of the H.P. cylinder to the receiver, the pressure in
which at this point is to be the same as that in the H.P.
cylinder at the end of the stroke. Hence the first part of
the return stroke of the H.P. piston compresses the steam
into the receiver, and the indicator describes the curve W p,
which is an hyperbola with O O, ¢ B as asymptotes. The
larger the receiver the less the rise of pressure, and since
.excessive changes of pressure in the receiver are undesirable
on account of the tendency to wet the steam supplying the
L.P. cylinder, it is customary to fix the minimum volume of
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receiver as the volume of the L.P. cylinder. At about half
stroke of the H.P. cylinder the L.P. valve admits steam to
the L.P. cylinder, but at this point and for a short time
afterwards, the volumetric velocity of the H.P. piston being
greater than that of the L.P. piston, the pressure in the
receiver continues to rise, though more and more gradually,
as the volumetric velocity of the L.P. piston increases. The
line of pressures becomes parallel to O O at the point T,
where the volumetric velocities of the two pistons are
equal, after which it commences to fall. Points on the curve
must be calculated exactly as explained above, the volumes
being measured off from between the H.P. diagonal and the
corresponding L.P. ellipse at the top of the figure,as at M P.

The L.P. valve opens to the receiver at the point X, at
which time the exhaust volume on the H.P. cylinder is /' %.
Hence the total volume of steam about to expand is at this
instant / x, which length measured in inches, multiplied by
the length % X, gives the equivalent of the product of such
corresponding pairs of lines as M P, mn. Cut-off should
take place in the L.P. cylinder at the point d Z, where the
line of pressures has fallen to the same height as the point
W. The pressure in the receiver is then left the same as
the final pressure in the H.P. cylinder, thus avoiding drop
in the succeeding strokes. Cut-off should always, where
possible, take place in the L.P. cylinder before the other end
of the H.P. cylinder exhausts, otherwise it is impossible to
prevent drop of pressure, as it always is when there is only
one ordinary slide valve driven by an eccentric for the L.P.
cylinder. In this case there will be a sudden rise of pressure
in the L.P. cylinder near half stroke, as shown in dotted
lines in the figure. It is therefore always desirable to have
a variable cut-off gear for the L.P. cylinder, though it is not
usually done on account of first cost. It is desirable to draw
¢wo such diagrams, one for each end of the cylinders. The
points of cut-off, &c., having now been fully determined, the
valves can be accurately designed in accordance with fore-
going principles.
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In fig. 38 it is evident that the work done in the L.P.
cylinder is considerably greater than that done in the H.P.
cylinder. In this case, therefore, it is evident that the
H.P. cylinder must be considerably increased in volume. A
high boiler pressure necessitates a high rate of expansion in
the H.P. cylinder, in order that equality may be established
between the work done in either cylinder. Many authorities .
assert that a higher rate of expansion than '3 cannot be
advantageously conducted in one cylinder, which, of course,
would limit seriously the use of compound engines as against
triple-expansion for pressures above about 75.

The principles here explained can be easily applied to
the case of triple-expansion engines, which therefore needs
no further explanation.

CHAPTER VL
FLYWHEELS.

AN engine flywheel is in reality a governor which prevents
rapid fluctuations of speed in an engine. Its function is to
limit the amount of variation of speed which would take place
in one revolution, owing to the fact that an ergine cylinder
with piston and connecting rod does not furnish a uniform
supply of power during one revolution. For instance, at
the moments when the engine is passing dead centres the
steam is doing no work at all, since the piston is at rest at
these points, while at some other parts of the stroke the rate
of doing work is much greater than the mean. When a fly-
wheel is running at a certain velocity V,, it contains
a certain definite number of foot-pounds of work, which
can be easily calculated. If its speed is altered to V.
by the action of any accelerating or retarding force, the
amount of work it contains increases or diminishes, as the
case may be, and the amount of work it absorbs or gives
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up in this process is the difference in the amounts of work
it contains when running at V, and V, respectively. It is
imperative that the designer should know how to calculate
the amount of work stored up in the flywheel. This is
exphined'in every book on elementary mechanics. It is as
follows :(—

Let M be the weight of the rim in pounds;

V its velocity in feet per second ;
g the acceleration due to gravity = 32 g:% -
M x V2

29

Of course, no flywheel can limit the rate of speed at which
an engine runs. The most it can do is to limit the rate at
which the variations take place—t.e., to prevent the engine
from changing from a slow speed to a high one, or vice versa,
too rapidly. The heavier the flywheel, the longer time will
such a change require.

To estimate the weight of flywheel required there are, as
usual, a rough approximate method, and a mome or less
accurate one. The former is used in cases where no special
uniformity is required, and the latter where a definite
degree of uniformity is specified.

1. Approximate Method.—According to this method the
flywheel must be of such a size and weight that when
running at the normal speed it contains an amount of work
equal to some definite multiple of (usually 34 times) that
developed in the cylinders during one revolution.* The
following is a specimen of this kind of calculation :—

H.P. = 12; revolutions per minute = 250 ;
therefore work done in one revolution

number of foot-pounds =

= 27 277 = 1684 foot-pounds.

We have first to guess at a suitable diameter for the wheel.
The larger the wheel, the lighter may we make the rim, and

*In very slow running engines half this t of energy is usually considered
sufficlent, otherwise the flywheel weight would be very large.
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the weaker will it be. The draughtsman must rely on his
eye to tell him when he has got a wheel of good proportions.
1t ig usual to limit the velocity of a flywheel rim to a mile
a minute, or 88 ft. per second at the outside ; for, although
the tendency to burst the wheel does not depend solely on
its velocity, it is found that the rim must be of unusual
proportions if it is to run beyond this speed with safety.
In making this preliminary estimate, we must be guided
by experience. In this case since the speed is moderately
high, and the power small, a small wheel will suffice, say,
mean diameter, 2 ft. 6 in.

Velocity of rim in (:Ti::.) - 20 X ;%220 = 326
Let z pounds be its weight.
Its energy according to above rule is
z x (326)?

2 x 82 - = 16'6 x foot-pounds.

Hence, since this energy must be 3} times that developed in
one revolution, we have :

16'6 x = 36 x 1584 ;
35 x 1584

=i =3lb;
volume of rim therefore = T?:;Z = 1290 cubic inches,

gince 1 cubic inch of iron weighs 026 1b.
Now, the mean length of circumference of the flywheel
rim is 30 x = = 94in. Sectional area is, therefore,

="" = 13'8 square inches ;

or, say 4} x 3}

The arms and boss of the wheel are here not taken into
account. They may be looked upon as furnishing a margin
in favour of uniformity. In most engine shops a number
of flywheel patterns are already in existence, and the
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draughtsman has to select from these the one most suitable
for his purpose, that is generally the next one larger than
his calculated size.

In some cases where uniformity of speed is not of
consequence, much smaller wheels may be used (with a
consequent saving of expense) especially as there are usually
& number of rotating wheels, &c., driven by the engine which
themselves act as flywheels. In every case the flywheel
should contain at least as much energy as is developed in
the cylinders in one revolution.

2. Accurate Method.—This method does not depend on
any empirical rule as the last does. It is to be used when a
gpecified degree of uniformity has to be attained during one
revolution. Thus it is often specified that the maximum
variation of speed is to be not greater than 2} per cent above
or below the mean. Perhaps the best process to adopt in these
cases is to compare, by means of curves, the twisting moment
necessary. to keep the engine running while performing its
work (this is usually taken as constant) with that produced
by the action of the steam on the piston (which varies
continuously) at each point of revolution, It is then easy
to find (as will be presently explained) the amount of work
which must be done by the flywheel in that part of the
revolution during which the work done by the steam on the
piston is less than that drawn off from the engine by the
work that is being done. The flywheel must then be of such
a weight that it can supply this defect of work without its
velocity being reduced by more than the specified variation.
In making this calculation, we may, if we please, include in
in the calculation the arms and boss of the flywheel. They -
are, however, of small eftect compared to the rim of the
wheel, and are generally neglected since any error they
produce is in favour of uniformity. We shall, in a later
chapter, show how the inertia of the moving parts affects
the question.

Having given this résumé of what we are about to do, we
shall proceed to draw the curve of twisting moment due to
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the pressure of steam on the piston, treating this pressure at
first a8 uniform, subsequently showing how it may be modi-
fied to suit any proposed indicator cards. Instead of finding
the twisting moment directly in pounds-inches, we shall find,
at all points of the revolution, the magnitude of a force,
which, acting on the crank pin at right angles to the crank,
will produce the same twisting moment on the shaft as the
actual force along the connecting rod does. As far as work
done and driving force are concerned, we may replace the
piston and connecting rod by this imaginary force. The

Fie. 40.

other oomponent of the force due to these parts only
produces stress in the engine and has no effect on the
driving force.

To find the actual ma.gmtude of this imaginary foroe
T at any point of the stroke such as P, fig. 40

Find the total force on the piston, say 2,760 1b.

Determine what scale of forces we are to use, suppose we
gay 1in. = 10001b.

Describe a circle centre C, whose radius represents on this
scale the force on the piston. In this case the radius of the
circle will be 276 in. Let this circle represent, also to scale,
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the path of the crank pin, so that 276 in. also represents
the crank radius = 5 in,, suppose. The length scale is then

lin. = 2_36 =18in. Find the length of the connecting
rod to this scale.

If the rod is, say, five cranks long, its length will on this
scale be 138in. Take P D, as usual, = 13'8 in., and produce
DP toE, if necessary. If P is taken on the other side of
the vertical, as at (), this will not be necessary. The con-
struction and proof are exactly the same wherever P’is
taken. Then, we shall show that C E to our scale of forces
is the value of the tangential force P T. In the case of the
point Q, C N is the value required. First, describe the
circle C F, as shown, draw P F horizontal and F G vertical
and C H perpendicular to D G. Now, the triangle P F G is
the triangle of forces acting on the crosshead pin (see any
book on elementary mechanics), and since P F = P C = force
on piston, PG represents the force in the connecting rod
and F G the upward force due to the pressure of the slide
bar.
Now, the twisting moment due to the force P G is P G x
CH. The actual value would be obtained by finding the
actual length represented by C H (by multiplying the length
of C H by the scale of lengths), and the actual value of the
force P G (by multiplying its length in inches by the scale
of forces), and multiplying the two together, thus—

Twisting moment = P G x C H x scale of lengths x scale

of forces. .
=PG x CH x 18in. x 10001b.

Now, the twisting moment due to a force C E acting at P
tangentially is in just the same way—

CE x PC x 1'8in. x 10001b.
=CExPF x18in. x 10001b.;
and what we have to prove therefore amounts to this : —

PGx0O Hx18in.x10001b.=CExP F x 1'8 in. x 1000 b,
1., PGxCH=CExPF.
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Now, the triangles G PF, E C H are similar, since all the
angles of each are equal (for one angle of each is a right
angle, and H E C = P G F) ; therefore

PG _ CE
PF CH

Therefore PG x CH = CE x PF, which was to be
proved. We can therefore find in the same way the total
couple turning the engine at every point of the stroke.
But this variable force acts along a circular path—the crank-
pin circle—and if we plot its value at each point on the
crank-pin circle unrolled, the area of the curve thus produced
will give the amount of work done in foot-pounds, just as
the area of the indicator card gives the amount of work
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Fia. 41.

done (see any book on mechanics). This is the curve we are
about to draw.

First calculate the actual circumference of the crank-pin
circle. In this case it is 6 x 2= = 31'42in. Select a con-
venient scale, say, } full size (we need not adhere to the
original scale of lengths), and set off a horizontal line A B,
fig. 41, 7'85 in. long as a base on which to draw the curve.
Divide the circle of fig. 40 into a convenient number of
equal parts, say 16, starting at “near dead centre,” and divide
the line A B into the same number of equal parts;
each point of division then represents one of the points
on the crank-pin circle Next draw in the centre line
of the connecting rod corresponding to each of the positions
on the circle, and produce it (if necessary) to cut the
vertical line through C in E. Now set off the length CE in
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each case along the vertical to A B, fig. 41, at the corres-
ponding point. Thus the value of C E shown in fig. 40,
being that found for the second point on the circle, is set up
at CE in fig. 41.* All the points being thus obtained, draw
a curve through them, as shown. This is the curve of
twisting moments, or, in other words, a curve showing the
value of the tangential force PT at each point of the
revolution. The area of each of the curves will be found to
be equal to the area of the indicator card, as may easily be
proved either from the principle of the conservation of
energy or analytically by considering corresponding
“ elements ” of each—i.e., thin vertical strips.

Curve for an Engine using Expansion.—In the former case
the pressure on the piston is constant. The indicator card in
that case is shown in full lines in fig. 42. 1f, however, cut-off’
takes place before the end of the stroke, the process must
be modified. The proposed indicator cards (dotted lines,
fig. 42) of the engine must be drawn for both ends of the

\
\ ’
\ /
\ ’

A

XY
1
H
Fie. 42.

cylinder. Make the construction explained in connection
with fig. 40 (i.c., draw in the centre lines of the connecting
rod in each of its positions, and produce to cut the vertical)
for all the points on the circle, the radius of the circle
being the maximum pressure on the piston. Next find
on the cards, fig. 42, the position of the piston cor-
responding to each of the points of the circle (by the

*In the original drawing, CE in fig. 40 was made = CE in fig. 41, but the
drawings have been reduced in a different ratio.
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crank circle-connecting rod construction we have so often
used), and draw ordinates at these points, as shown in
fig. 42. Calculate the total net pressure on the piston
corresponding to each of these ordinates by deducting
the corresponding back pressure, as found from the other
card, and multiplying by the area of the piston. Set off
these total pressures each along the corresponding crank in
fig. 40. Suppose, for instance, we take the sixth ordinate
on the return stroke—t.c., LS, fig. 42. The corresponding
back pressure is HJ. Suppose LS is 073in.,, and HJ is
042 in., the difference between them is 0'31. Suppose the
indicator spring is

Ih,

i

This corresponds to a pressure per square inch of 0'31 x 40
= 12'4. Suppose the area of the piston is 2°'2 iquare inches,
the total net pressure on the piston must bc 124 x 282 =
3501b. Make the same calculation for each of the sixteen
ordinates. Now, referring to fig. 40, mark off on each of the
cranks such-as CK the corresponding value C R of the total
piston pressure to the same scale as before. Now, if the crank
pin were at K, and there were full pressure on the piston, the
value of the tangential force would, as already explained, be
C 1, but since the force on the piston is less than this in the
ratio of CK to CR, it is clear that the actual tangential
force will be not CI but CM where R M is parallel to D L
Thus, from each of the points on the base we must set up
the corresponding value of C M, and draw a curve through
the points as before. We shall thus get the curve shown
dotted in fig. 41 instead of the full curve.

Combination of Curves.—If there are more than one
cylinder acting on the shaft, curves must be drawn for each,
and corresponding ordinates of each must be added together,
and a curve drawn through the resulting points. Care must
be taken that the pairs of ordinates added together represent
the tangential force on the crank pin produced at the same
instant by each cylinder. For instance, in the case of a

lin = 40
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gide-by-side compound, where the H.P. crank leads, the H.P.
piston is about half-way through one stroke when the L.P.
piston is beginning its stroke ; hence ordinate 4 in the H.P,
curve must be added to ordinate O in the L.P. curve, 5 to 1,
6 to 2, and so0 on.

Having then obtained the curve of tangential forces, it
remains to show how it may be used. Suppose the fotal
work done by the engine (including, of course, that done
against frictional resistances in the engine itself) be repre-
sented by the work done against a constant resisting force,
acting tangentially against the crank pin ; or, if we like to
express it 80, suppose that the work done by the engine is
represented by drawing up a weight by a rope wrapped
round a drum keyed on the shaft, and whose diameter is
that of the crank circle. If the mean speed of the engine is
neither increasing nor decreasing, it is clear that the magni-
tude of this force or weight will be represented by the mean
height of the two curves, fig. 41—that is, the total work
done on the weight during one revolution will be equal to
the area of the two halves of the curve. If this were not so,
for instance, the mean rate of work done by the steam were
consistently greater than that done in raising the weight,
the excess would be stored up in the engine and flywheel,
and weight, in the shape of increased kinetic energy—that
is, the speed would continually increase until the engine or
flywheel gave way (provided, of course, the engine could get
enough steam).

Hence, if  be the weight,

z x crank radius x 2 = = area of two curves.

This shows that the value x on our scale of forces is the
mean height of the curves. Calculate, then, the value of =,
and draw a horizontal line WX Y Z, fig. 41, at this height
above the base. Now, at the point W the steam commences
to do more work on the piston than is absorbed by the
work that is being done. As long as this is the case the
engine will increase in speed—that is, up to the point X.
Now, exactly at the end of the time during which the speed
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is increasing, that speed must have attained a maximum
value, for when the speed is not rising it must be either
constant or falling. In the same way, exactly at the end of
the time during which the speed is falling, it must have
reached a minimum. During the interval represented by
XY, the force driving the crank pin is less than the force .
Hence the speed is a minimum at Y, and a maximum again
at Z,and so on. Now, during the interval W X, the amount
of work that has been poured into the engine by the steam
is represented by the area w W E X z, which area is equal to
the corresponding slice of the corrected indicator card. The
actual amount of work in foot-pounds may be obtained by
finding, as we have several times done, the area scale. In
this case it is 1 square inch = 4in. x 10001b. = 4000 inch-
pounds = 3333 foot-pounds. Similarly, the amount of work
drawn off by the external work in this interval is the area
w W X 2, whence the difference which is poured into the
flywheel is W EX. Now, the speed is a minimum at W,
and a maximum at X, and the difference between the energies
of the flywheel in the two cases is the amount of work
represented by WE X. Suppose this area is 1'64 square
inches, representing 1'64 x 3333 = 546 foot-pounds.

The total variation of speed is to be not greater than 5 per
cent of 250 ; or, say, 126 revolutions per minute. Fix the
winimum at 244, and the maximum at 266. The rim must
then be of such a weight that -the addition of 273 foot-
pounds of work to it, when it is running at 244, does not
raise its velocity to more than 256.

Let z be the required weight, and, say, 2'6 ft. its diameter.
26 x v x 244 ft.

60 Ly
x x (32)% _
2 x 32
Velocity at 256 = 29X ™ X 256 _ ga.5 ft.
- 60 sec.

Rim velocity at 244 =

Energy at 244 = 16 «.

z x (335)%

Energy = R 176 a.
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"Hence, 175 & — 16 & = 546.
16 « = 546
x = 364 1b.

In case we are required to be more accurate still by
including the weight of the arms, &c., of the wheel in the
calculation, we must find the moment of inertia of the
flywheel about its axis in lb. ft.2 This can be done by a
construction described in the author’s book on *“Graphical
Calculus.” The energy is then %¢g I w2, where w is the
angular velocity in radians per second, and I is the moment
of inertia. In the case of a flywheel, an approximation
which is sufficiently accurate for all practical purposes is
embodied in the following rule: Calculate the weight of
all the arms, divide by 4, and add to the weight of rim.

The effect of the moving parts of the engine can also be
measured by methods explained in the work referred to
above, but in practice it would be a useless refinement
to take count of them,

CHAPTER VIIL
THEORY OF THE INERTIA OF MoviNG PARTS,

IT is well known that when an engine is running rapidly it
causes, or tends to cause, more or less violent shaking of the
foundations to which it is bolted. In some cases the
shaking of even very heavy and rigid foundations is so
severe as to prevent the use of the engines altogether,
owing to the annoyance to residents and damage to
property in the vicinity. Thus, at the central electric
lighting station at Manchester Square, London, the shaking
due to this cause was so great that the engines of large
power had to be replaced at huge expense by steam turbines.
These effects can be partially, but only partially, counter-
acted by what is called “ balancing,” the meaning of which
8D
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term will appear as we proceed. It will be readily under-
stood that part of this effect is due to the rotation of the
crank shaft if this is so made that (1) its centre of gravity
does not lie on the centre line of the shaft; (2) its axis of
rotation is not a “principal axis.” Just as a stone being
swirled round at the end of a piece of string causes a
centrifugal pull upon the string, so the swirling round of
the crank shaft of an engine causes a pull upon the
foundations, the direction of which continually varies.

In order to obtain clear ideas of the cause of this pull,
and to understand the additional effect of the reciprocation
of the moving parts, we shall briefly analyse the motions.

If a stone weighing, say, 31b. is moving in the direction
A, fig. 43, and, say, two seconds afterwards is moving in
direction B with the same velocity, the change being due
to a constant force x pounds acting on the stone in direction
B, it is easy to find the value of x as follows: The total
change of velocity is 4 ft. per second in direction B ; for a
change of 2ft. per second brings the body to rest, and a
further change of the same magnitude gives it the opposite
velocity B. This change of velocity takes place in two
seconds. The change of velocity per second is therefore
2 ft. per second, and the force is

mass x acceleration _ 3 X 2y, _ 4y

g 32

Now, this method will also apply in the following case :
Required the value of the force acting always parallel to B,
fig. 44, which will, in two seconds, change a velocity P of 4 ft.
per second into one of the same magnitude in direction Q.
Now, a body having velocity P of 4 ft. per second is moving
towards the line RS at the rate of 2ft. per second, and, if
with velocity Q, away from the line with the same velocity.
To find the force perpendicular to this line required to
produce this change in two seconds, we have to find the
necessary change of velocity per second towards or away
from R S—that is, parallel to B. Clearly this is, as before,
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2 ft. per second every second, and the force is therefore
the same as before, viz, % 1b, acting always parallel to
B. Now, this is precisely the method adopted in finding
the value of a force which will keep a stone or other

R 8
A
B © o
| Q 60 |e° P
A
B
Fig. 48. Fia. 44.

body swinging round in a circle with a constant velocity,
but we have to take the angle between P and Q as extremely
small in order to calculate the force. Take a numerical
example: C A, fig. 45, is a piece of string 3ft. long; Aisa
stone weighing, say, 71b. A and B are supposed to be
extremely near together, but are shown in fig. 46 some
distance apart, for clearness sake.
Suppose the angles DCA, DCB to be each ‘001 radian ;
that is,
DB_AD _
CB Ca
Suppose the velocity with which the stone is moving to be
6 ft. per second, and represented by A E at the beginning of
the interval, and B H at the end. The angular velocity is
then § = 2 radians per second.* Distance from A to B along

‘001

*If this be not understood, see definition of a ¢ radian” in any book on elemen-
tary trigonometry.
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the circle = 002 x 3 ft. = ‘006 ft. Time occupied by the
stone in travelling from A to B

= __dxstax.me - 008 second = ‘001 second.
velocity 6

Now, in this time the change of velocity away from line
RS has been 2 EF, for if a body travels from A to E in
1 second, it moves towards RS at the rate of F E in 1second,
and FE = GH. Now, EF = ‘001 x 6 = ‘006 (since angle
FAE = DCA = 001 radian, and EF is indistinguishable
from a circular arc when these angles are very small).

+00! RADIAN

*001 RADIAN

Fie. 45.

Hence the rate of change of velocity in direction D C is
2 EF = '012ft. per second in ‘001 second—t.e., acceleration
parallel to D C (see note on next page)

time occupied ‘001
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and force in direction D C required to produce this accelera-
tion in a mass of 7 1b. must be
7x12 _84_ 21,
32 32 8
We should have obtained the same result whatever angle
we had fixed upon for A C D, provided it is so small that
EF is indistinguishable from a circular arc having A as
-centre. The student should convince himself of this by
taking a different angle for D C A.*
Now, in order to make this reasoning general, we have
only to use symbols instead of figures.
Instead of 7 lb., use m.
»  6ft. per second, usev = AE = BH.
5 001 radian, use d 4 = angles DC A, D CB, &ec.
” 3ft, use »r = C A.

Angular velocity then -% = w, suppose,

Distance from Ato B = 2rd 4. .
Time required to travel from A to B = distance _ 2rd ¢
velocity v

Lengthof EF = v dé.
Change of velocity per second =* centripetal acceleration ”
_ total change of velocity _ 2vd6 _ »?
time occupied 2rdd r
v
The direction of this acceleration is along the radius.
Force parallel to D C required to produce this change

mv? . v
=—g—r; or,smoe;=w,

mv? _ mwir
gr g
which latter form is much easier to use.

* This ing is only absolutely true and free from all approximation ‘‘in
the limit” when D C A is taken infinitely small, for in that case (1) the radius is
always infinitely near to DC, (2) FE is infinitely near to vdf. It is an
approximation, but an extremely close one, when D O A is very small, but finite.
Two quantities are sald to be mathematically equal when they only differ by an
infinitely small. quantity. Such a quantity is called a * vanishing quantity,” or
“ gero quantity,” in the limit.
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The value of w may be calculated thus : w = radians per
second = revolutions per seconds x 2=, since there are 2«
radians in one revolution. This digression into elementary
mechanics has been made because this principle of centri-
fugal force is often not understood, and there is no hope of
understanding what follows unless it is perfectly familiar.
To calculate, then, the centrifugal force of any body moving
in a circle, use the following formula :—

weight x (revs. per sec. x 27)2 x radiusin faet
32

The radius used must be that of the path of the centre of
gravity, as may easily be proved by the application of the
integral calculus. Thus, when the crank illastrated in

force =

B s

'
]
|
-—d-4-+—-+----1
]
1
'
]

Fia. 46.

fig. 46 revolves in its bearings, the centrifugal force on each
of the shaded parts of the cranks and the pin can be
calculated separately and added together to find the total
force on the bed plate* The resultant force at any
instant will act through the centre of the pin parallel to the
centre line of the cranks. This is the first force with which
we have to deal.

The next force we shall consider is that due to the recipro-
cation of the piston and connecting rod, which we shall at
present treat all together, neglecting the lateral swaying of
the connecting rod. First suppose a horizontal engine is

* See the remarks on this subject given in tion with fig. 67, on page 128
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being driven by a belt at its ordinary speed, without any
steam being admitted. Now, just before 'the pin reaches
either dead centre these parts are moving in one direction,
and just after that point is passed in the opposite one.
There must, of course, be some horizontal force acting on
them to produce this effect. This force is supplied to the
parts through the crank pin. Now, the crank pin cannot
pull these parts about in this way unless it is itself pulled
by-something else, any mors than a hydraulic jack can lift a
boiler without being firmly supported on the ground. The
jack presses the ground down just as hard as it lifts the
boiler up, and, over and above centrifugal and gravitational
forces, the crank-shaft bearings pull the crank pin in a
horizontal direction just as hard as the crank pin pulls the
piston, &c., so that ultimately the real force that moves
the reciprocating parts comes from the resistance to
motion, or inertia, of the foundations, if we consider them
a8 separate from the earth as a whole. The moving
parts cannot acquire any momentum without the founda-
tions at the same instant acquiring an equal and
opposite momentum. It is these vibrational movements
of the foundations which have to be guarded against
ag far as possible. Speaking generally, the method adopted
is to 8o arrange the moving parts of the engine that when
one part acquires a momentum in one direction, some other
part of the engine itself acquires an equal momentum in an
opposite direction, so that the foundations do not have to
take up more of the sarplus momentum than is absolutely
necessary. If this is done, the reactionary force which
produces these equal and opposite momenta comes from a
stress in the bed plate, so that the engine is, as it were, self-
contained in respect of its momentum. If balancing is
done perfectly, the engine theoretically requires no founda-
tions at all. Foundations, in fact, act as a sort of reservoir
of momentum ; they cannot do so without vibrating, any
more than a flywheel can act as a reservoir of energy
without changing its velocity.
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Now, since momentum = mass x velocity, it is clear that
if the foundations take up a given quantity of momentum,
the greater their mass* the smaller will be the velocity
generated. If the foundations have very small mass, as in
the case of a portable engine, we must be especially careful
to reduce the momentum that has to be taken up—that is,
the engine must be carefully “ balanced.”

It is rather more difficult to understand the effect when
steam drives the piston. Here one might be tempted at
first sight to think that the steam pressure would supply
the force necessary to move the piston, &c., without drawing
on the reservoir of momentum constituted by the founda-
tions. It must not, however, be forgotten that when
pressure steam acts upon the piston it also acts upon the
cylinder cover. A certain proportion of the pressure of
the steam on the piston is absorbed in increasing the velocity
of the reciprocating parts. This absorbed force never
reaches the crank pin until the velocity of the parts is
again reduced. Suppose, for instance, that at a certain
point near the commencement of the stroke the total force
on the piston is 2,000 1b., the weight of moving parts being
621b., and their acceleration 120 ft. per second. The force
required to produce this acceleration is then

62 % 120 _ 93211,

This force is absorbed by the piston, &c., in exactly the
same way as a cannon ball absorbs the whole of the powder
pressure. The remainder of the force—viz., 1,768 1b.—is the
horizontal force which acts on the crank pin